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TA Tabular Functions of Time (4 outputs)
TB Tabu l ar Functions of Time (2 outputs)
S3 Sum Forces and Moments (3 sets of inputs)

54 Sum Forces and Moments (4 sets of inputs)
MA Mult ip ly and Ad d
TR Transform Vectors Body to Earth Axis
EU Function Generator
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SUMMARY

Current concepts of warfare call for remotel y piloted vehicles (RPV) to
perform certain tasks that have been performed by manned vehicles. The
effectiveness of RPVs in performing these tasks depends, in part, on the
effecti veness of the launc h an d recover y techn iq ues emp loyed . In fact ,
the launch and recovery system operation is a critical link in the total
wea pons system func ti on.

Boe i ng an d Roc kwel l , under contracts sponsored by the USAF Aeronautical
Systems Division RPV SPO, studied many RPV conf i gurations and launch and
recovery system concepts in terms of mission requirements and life cycle
costs. Because of multimiss ion requirements , subjective weight factors

giv en to some per formance factors , and the degree of which site
preparation , log istics , and vulnerability were considered , widely

differing l aunc h an d recover y conce pts were arr i ved at as be i n g optimum
for an advanced RPV system (ARPV). The Rockwell air vehicle is equipped

with conventional l anding gear which is used for takeoff and landing.
The Boeing vehicle is launched from a zero length l auncher with RATO and

is recovered on air bag skids attached to the air vehicle. Both vehicles
use a hook and cable arrestment system for recovery.

In the Boeing ARPV trade study document (Reference 1), it was noted that
while the tail hook/arrestor cable and air bag skid system represents an
attractive low life cycle cost concept, further investigat i on of the
system dynamics would be required to fully validate the concept.

Another launch and recovery system that has been studied considerably in
the past ten years is the air cushion system. Prototype systems have
been built and tested for the Australian target drone, the Jindivik , and
f or the XC-8A Dehavi lland Buffalo , a ii ‘ium size transport. The data and

technology from these programs, along with developments in mathematical
modeling of air cushion systems, can be use d to des ign a i r cus hi on
syste~ns for aircraft such as RPVs.
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The objective of this study effort was to perform dynamic anal ysis
preliminary design , and cost and performance tra de stud ies of t he a i r bag
skid system and the air cushion concept. The ARPV trade studies data ,
air cushion technology and test program data, and computer tools

developed for analysis of air cushion systems were used . Two l aunch

systems and three recovery systems were studied. The l aunch systems are

the air cushion l aunch platform and the integrated air cushion system.
The recovery systems are the air bag skid system, the air cushion
recovery system , and the integrated air  cushion system. Both the Boeing
and the Rockwell ARPV concepts were included in the study. The Rockwell

vehicle with conventional landing gear was used as the baseline in the
cost and performance trades.

The government owned six degree-of-freedom computer program EASY

developed by Boeing under contract F33615—77-C-3054 was used for the
dynamic analysis. Dynamic simulations included perturbations to steady

state fli ght , l an di n g simula ti ons an d takeoff s imula ti ons.

Cost an d performance tra de study factors included complexity, fuel
requ i rements , adverse weather capability, ground equipment and facilities
requirements , survivability/vulnerability level s, reliability and
maintainability , and system acquisition and life cycle cost.

The results of the inflight analysis show that these vehicles are stable

with the air cushion trunk or air bag skids deployed during approach
although a stability augmentation system may be required. Stability

during trunk retraction after takeoff was also adequate.

Landing simulation results show that the air cushion and air bag skid
recovery systems on both the Rockwell and the Boeing ARPV i nduce hi gh
i ncremental loads at touchdown. These hi gh loads are the result of the
relativel y high vehicle forward speed coupled with the hi gh vehicle pitch

rate induced by the trunk. At hi gher angles of attac k, the aft part of
the trunk touches down first creating a l arge pitching moment. The
product of the resultant pitch rate and hi gh forward velocity induce an
accelerat i on force to the vehicle structure. This creates severe
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restrictions on the vehicle approach conditions if t he ve hi cle al lo wable
load factor is relatively low. It is not severely restrictive for a
vehicle such as the Boeing ARPV with short, small wings that can tolerate
loads to 8 or lOg with little penal ty to the structure. However , it is
quite restrictive for the Rockwell vehicle which carries its payloa d on
the wings .

Landing slideout with the air bag skid system required arrestment to
stabilize the vehicle. Arrestor hook engagement during touchdown
increased the incremental load to the vehicle. Therefore, it is
recomended that cable-hook engagement occur after touchdown .

Induced l oads at touchdown appear tc’ be hi gher with a one trunk
i ntegrated air cushion system than with a system optimized for recovery
onl y. Thus , the one trunk integrated air cushion system is even more
restrictive on the l anding approach conditions than is the air cushion
recovery system.

Landing simulati ons of both air vehicles with air cushion recovery system
and suction braking demonstrated that this can be an effective, low cost
app roac h to recover y of ARPVs. However , the required runway length is
considerably greater than that required for recovery with an arrestment
system. For exam p le , the Boeing ARPV with suction braking, landing at
130 kno ts on a wet surface , requires a stopping distance of 4500 feet.
The required stopping distance with arrestment is onl y 200 feet.

Stopping capability of an i ntegrated air cushion system with friction
pads is poor . R equ i re d runwa y len gths are excess i ve for vehi cle
touchdown speeds above 100 knots.

The vehi cle was unstable in takeoff simulati ons of the Rockwell ARPV with
both the air cushion l aunch platform and the i ntegrated air cushion
system with inelastic trunks. This situation was encountered in earl i er
simulations of the Jindivik with an inelastic trunk air cushion system.
It Is not known if this instability is realisti c or is due to a oroblem
in the simulation model .
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Takeo ff simulat i ons of the Rockwell ARPV with an elast ic trun k i ntegrated
air cushion system showed that the vehicle was stable through ground
roll , rotat i on , trunk stowa ge, and climbout.

Ava i la b le power for an i nte gra ted a i r cus hi on system on the Roc kwell
vehicle is margi nal.  However , the power requirement for a shaft driven
fan air suppl y system can be met by utilizing the limited duration
overload capability of the engine accessory drive pad .

The results of the cost/performance trade studies indicate that the air

cushion recovery system with suction braking and RATO launch is the least
comp lex , l owest cost app roac h to ARPV launc h an d recover y. However , if
ava i la ble site space is cr it ical , the air bag skid system with arrestment
becomes more attractive.

The results of the study may be somewhat distorted because the Rockwell

ve hi cle , which was used as a baseline , did not lend itself to adaptation

of a ir cus hi on or a i r bag sk id systems . Because of the narrow , roun ded
sha pe of t he fuselage , added complexity and weight were required for

installation of these systems. For opt imum system performance , the a i r
vehicle and l aunch/recovery system must be designed as an integral unit.

x x i i



SECTION I
I NTRODUCTION

Current concepts of warfare call for remotel y piloted vehicles (RPV) to
perform certain hi gh risk missions that have, in the past, been performed
by piloted aircraft. The capabilitie s of these vehic ’es in conventional
warfare have been demonstrated in Southeast Asia and the Middl e East. As
a result of this demonstrated capability and of conceptual studies that
have been done , ground based RPV systems are being considered as part of
an overal l defense capability. The role of the RPV includes weapons
delivery, reconna i ssance , -and electron ic countermeasures.

Studies of RPVs in these multimission roles by The Boe i n g Com pany an d
Rockwell Internat i onal under contracts sponsored by the USAF Aeronautical
Systems D i v i s i on RPV SPO (Reference s 1 an d 2) develo ped potent i al
confi gurat ions for an advanced RPV system (ARPV). In this program, man y
system confi gura ti ons were i nves ti gated in terms of mission requirements
and life cycle cost. Because of the mul -timission requirement , subjective
weight factors given to var ious performance factors, and the degree to
which site preparation , log i st ics , and vulnerability were considered ,
wi dely differing systems were presented by the two contractors.

Boeing studies conducted under the ARPV contract (F33615-75-C-O516)
resulted in the proposal to use an air bag skid recovery system in

conjunction with a ground based arrestor cable device (Reference I).
S imi lar l y, studies conducted by Rockwell on a RPV for the same
mul timission role (Contract F33615-75—C-0518) evolved a conventional
tricycle type landing system, also used in conjunction with a ground
based arrestor cable installat i on f or recovery. These systems are shown 

-

in Fi gures 1. and 2.

Meanwhile , the technology of air cushion vehicles has been advancing at a

hi gh rate In the past ten years and has been studied as a l aunch and
recovery concept for RPVs as well as for piloted aircraft. Prototype a ir
cushion systems have been built and tested for the Austra lian target
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drone , the Jindivik , and for the XC—8A DeHavi lland Buffalo , a medi um s i ze
(40,000 pound gross weight) turboprop transport.

The launch and recovery systems selected in the ARPV studies were based

on limited trade studies and anal yses. T he dynamics of recover y systems
and their deploynent were not investi gated.

In the Boeing ARPV Trade Study Document (Reference 1) it was noted that

while the tail hook/arrestor cable and air skid system represented an
at t ract ive low li fe cyc le cos t conce pt , further investigat i on of the air
vehicle/recovery system dynamics would be required to fully validate the
conce pt .

S i nce the effec ti veness of RPVs i n performing its missions depends , in
part , on the launch and recovery techniq ues emp loyed, a secon d look at
the factors that determ i ne the ran k of these var ious systems on the ARPV
is appropriate.

1. OBJECTIVE

Establishing the effectiveness of these launch and recovery systems
was the objective of this study. Specif cally, the objective was to
perform dynamic analysis , design and cost and performance trade studies
of two l aunch systems and three recovery systems for RPVs. Two ge~eric
launch and/or recovery system types were considered. Tht- ,,e were the
various air cushion systems and the inflatable air bag skid concept. The
launch systems include the integrated air cushio~, system (IACS ) which is
used for both launch and recovery, and the air cushion launch p latform

(ACLP). The recovery systems include the air bag skid systems (ABSS),
the air cushion recovery system (ACRS), and the IACS.

Recovery of the Boeing ARPV con’ apt was analyzed with the ABSS and the

ACRS. The Rockwell ARPV concept was evaluated for l aunch and/or recovery
with the IACS, ACLP , ABSS and ACRS. The Rockwell veh icle concept with
convent i onal landi ng gear was used as a basel i ne in cos t and performance
trade studies of the different systems that were analyzed.
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Dynamic simulat i on of the vehicles with the various launch and recovery
concepts was made using the EASY Dynamic Anal ysis Program described in
Reference 3. The Basic EASY program was developed by Boeing under Air
Force contract F336 15-74—C-3 04 1 to provide a means of modeling and
analyzing aircraft environmental control systems. The EASY program is a
general purpose program for the linear and nonl i near ana l ysis of system
dynamics using classical techniques. Through a series of Air Force
funded contracts , it has been expanded to model a variety of systems ,
including environmental control systems, aircraf t  fli ght controls and

dynamics , space vehicle dynamics , elec tr ical power genera ti on , rapid
transit vehicles as well as air cushion landing systems. The program is
user oriented and al lows the generation of new systems by call ing a
variety of components from the user library. The special component
library developed for the simulation of Air Cushion Landing and Takeoff
Systems under contract F33615—77-C-3O54 includes a ri gid six degree—of-
freedom airframe which can be perturbed with all normal aerodynamic

forces and moments. The library includes a wind gust model , engine ,
terrain and an aircraft flight and ground controller. Components for the
simu l ation of a simp le aerodynamic control surface system are al so
included. The air cushion library components include the fel lowing:

o Ducts
o Flow splits

o Merges
o Valves
o Centrifugal Fan

o Axia l Fan

o Ejector

o Inelastic Trunk and Air Cushion
o Air Bag Skid

o Elastic Trunk and Air Cushion

An arresting system including a hook , ca bl e and water tw i ster component
is also available from the component library. The user can generate

5



additional components by writing a Fortran subroutine. Program response
to execution conmiands include:

o Steady State Anal ys i s (S ing le Po i nt or Scan)
o Time History Simulation (Linear or Nonlinear )
o Linear Analysis
o Stability M a t r i x

o Eigenvalues
o Stability Marg in
o Bode, Nyq u i s t , and N i c h o l s  p l o t s

2. BACKGROUND

The Air Bag Skid System is a recovery concept which employs two
parallel inflatable membranes or bags along t he unders ide of the fusela ge
to absorb the aircraft vertical component of kinetic energy, an d to
provide support during landing slideout and arrestment. The s k i d s  are

stowed in a collapsed state against the fuselage during fli ght, and have
hard smooth covers or doors to reduce aerodynamic drag and to protect the

skid bag material . During l anding approach , a control signal acti vates a
cold gas generator which causes the covers or doors to open and the skids

to inflate. The covers/doors may drop off or may be retained to provide
a wider upper surface for the skids to react against for additional
stiffness or roll stability. Each skid has a rel ief val ve to l imit peak
loads and provide damping upon l anding impact. The airframe has a tail
hook to engage a cable arresting device instal l ed in the landing area. A
rather precise guidance/control system is required in order to ensure
hook engagement. An overrun barrier is installed at the end of the
recovery area to provide for missed or failed cables. Tow away for
turnaround is accomplished oy attaching wheels to hard points desi gned
for that purpose.

The skids can be desi gned as prepacked modules attached to and removed
from the fuselage by quick disconnect devices to facilitate vehicle
turnaround time. The cold gas generator can be sized to accomodate some
bag leakage from damage which may be incurred inf li ght (battle damage) or
dur ing recovery.
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The Air Cushion Recovery System employs an a ir cush ion des igned
specifically for landing impact and slideout. The cushion is stowed
against the fuselage, with hard covers or doors to reduce drag and
protect the cushion. The doors may be used to provide a larger cushion
base or to increase roll stiffness. The trunk is usuall y inflated by
diverting air from the compressor section of the thrust engine. The
forward one—third of the trunk length has nozzles or holes which serve to
provide lubricity i n that area, allev iat ing a “plowing in ” tendency. The
trunk contact area is covered with an abrasion resistant , hi gh friction
material to provide drag to halt the vehicle. Rel ief va l ves to reduce
impact loads may be employed. The aircraft is towed away for turnaround
by a vehicle with an air suppl y for both the trunk and cushion cavity.
No external arresting system is required although one may be emp loyed to
reduce the required field length. A final crash barrier may be installed
for safety reasons.

The Integrated Air Cushion System is one that provides an air cushion for
buch the takeoff and landing phases of the aircraft mission. There are
two variat ions , the one trunk concept and the two trunk concept.

The One Trunk Concept employs a single trunk of elastic or inelastic
material , to provide both the takeoff and l anding func ti ons. Upon
rotat ion , the trunk retracts against the fuselage in the case of the
elastic trunk , or is retracted into the fuselage and hard doors close
upon it to reduce drag and protect the trunk. Since a l arge airflow is
required for takeoff (compared to landing), a dev i ce, such as a tip
turbine fan powered by engine bleed air or an auxiliary power unit (APU),
is needed to draw in air from the atmosphere for trunk flow. Trunk
nozzle configuration is dictated primarily by takeoff requirements
resulting in a distributi on of nozzles around the entire periphery of the
trunk. L anding requirements result in friction pads in some areas of the
trunk contact and the capability to reduce cushion pressure after impact

to enable friction pad contact. Remote taxi control is a possible design
variation if the required thrusters are included. Parking bladders may
be included for long term static support.
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The Two Trunk Concept employs a jettisonable takeoff trunk and a
prepacked landing/recovery trunk. The takeoff trunk may have parking

bladders and a nozzle pattern simi l ar to the pattern for the one trunk
concept. The takeoff trunk is recovered after it is jettisoned and

attached to a new aircraft for a subsequent launch. The takeoff trunk
c o nf i guration and attachment is such that a clean aerodynamic surface is
l ef t  when it is jettisoned. The stowed l anding trunk is now identical to
the Air Cushion Recovery System defined earlier , exce pt that excess
airflow is available due to takeoff requirements.

The A ir Cushion Launch Platform is a l aunching system that uses a
separate air cushion equipped carriage to support the aircraft during
takeoff. Upon rotation, the platform is released from the aircraft and
is stopped by i nternal braking or by an external arrestment system. The
platform is recovered by either a tow vehicle or by remote control if
appropriate thrusters are provided. The platform conta ins i ts own air
s u p p ly and can be designed to carry an additional thrust engine to aid
the a i r c r a f t  eng ine during takeoff. Parking bladders are incorporated to
provide platform and aircraft support while the air supply is turned off.

3. SCOPE AND GENERAL APPROACH

This program consisted of the following:
o Familiarization with mission requirements and the previous ARPV

conceptual studies.
o PrelimInary confi guration and assessment of parameters for

dynamic modeling of the vehicles with the various launch and
recovery concepts.

o A six degree-of-freedom, r i g i d  body airframe dynamic analysis
for each confi guration using the EASY dynamic analysis program.

o PrelImi nary design to identify system performance and cost
factors.

o Performance and cost trade 
study.8



Figure 3 sumarizes the combinations of confi gurations that were studied
using the EASY dynamics program . Considering the elastic and inelastic
trunk versions of the one trunk integrated air cushion system as separate
confi gurations , a total of ei ght confi gurations were evaluated. Four of
these were for recovery on l y, one for launch on ly, and three for both
launch and recovery. In addition , the clean configuration of both the
Boeing and Rockwell RPVs were studied to determi ne basic aerodynamic
character istics.

The dynamic simu lation studies included:
o Vehicle flight stability anal ysis with the landing system

deployed for all launch recover y system combi nati ons. Ve hi cle
parameter adjustments were made as required for most stable
fli ght.

o Landing simulati on , encompassing approach , bag or trunk

deployment , flare , touchdown and arrestment or braking for a l l

landing system confi gurations. The study determined vehicle and
l anding system parameter adjustments required to achieve
satisfactory performance.

o Takeoff or launch simulation including takeoff roll , rotation ,
p l atform or trun k release , and climbout for the integrated air
cushion configurations plus the l aunch platform.

o Arrestor hook-cable dynamic analysis to define l imits of hook

properties and aircraft kinematics for proper hook engagement.

Des ign modificat i ons were made f or each airframe/launch/recovery system
combi nat ion based on the resu l ts of the dynamic analysis. The basic
airframe desi gns as described in the conceptual studies f or the Boeing

and the Rockwell vehicles were used for appropriate modifications to

incorporate the results of the dynamic anal ysis and the requirements of
the var i ous launch/recovery systems. Des i gn considerations for each of

9
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the concepts included survivability/vulnerability aspects and ground
equipment and facilities requirements.

A performance /cost anal ysis was performed on each airfrasne/launch/

recovery system combination shown to be acceptable by dynamic anal yses.
Performance/cost increments were made using the Rockwell ARPV design as
described in Reference 2 as a basel i ne.

The following factors were considered in the performance/cost tradeoffs,
but only to the extent as they effect or are affected by the launch/
recovery systems:

o Complexity

o Fuel requi rements
o Adverse weather capability

o Groun d equ ipment and facility requirements
o Survivability/vulnerability levels
o Reliability and maintainability
o System acquisition and life cycle costs, including those related

to site preparation and upkeep.
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SECTION I I
DYNAMIC SIMULATION AND ANALYSIS

Dynamic simula ti ons and var ious analyses were performed for all of the
l aunch/recovery system/airframe combinations shown in Figure 3 by using
program EASY as the principal anal ys i s tool . Three different operating
regimes were investigated during these anal yses: low speed fli ght,
landing, and takeoff. The two different air vehicles and several
different launch/recovery concepts were analyzed during these three
operating regimes. This section describes the confi gurations which were
analyzed, the anal ysis approach which was used , the results obtained , the
conclus ions made based upon t hose results , and the conf igurat i ons
reconrended for further study.

1. INFLIGHT SIMULATIONS AND ANALYSIS

Deployment of an air cushion recovery system during the l anding
approach fli ght phase affects the stability and controllability (S/C) of
an air vehicle. The purpose of this portion of the study was to

determine the effects of air cushion and air bag systems on the S/C of
the Boeing and Rockwell ARPV co~icepts. Other objectives were to identify
any airframe design modifications necessary to achieve acceptable S/C and
to determine the tr im condi t ions for both air vehi cles dur ing landing
approach.

The approach that was followed started with the calculation of S/C
coefficients for both air vehicles , with and without the ACRS and ABSS.

The next steps involved the development of program EASY models of the air
vehicles, linear analysis of these models to Identify their dynamic
modes, the determination of steady state trim conditions , and the
simulation of perturbations about these trim conditions to verify the
stability or instability of the air vehicles.

a. Deve lopment of Math Models
(1) Air Veh icle Configurations

The air vehicles analyzed included the maximum landing
weight configuration s for the Boeing and Rockwell designs. Both
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con fig ura ti ons were anal yzed with both the ACRS and the ABSS. During
l anding approach , the Boeing ARPV payload was assumed to be one empty
AN/ALE -38 chaff dispenser pod carried in the internal weapon bay. This
confi guration has a maximum landing gross weight of 1600 pounds. The
maximum l anding gross wei ght confi gurati on for the Rockwe ll ARPV , F i gure
4, has four empty AN/ALE—38 chaff dispenser pods which results in a g ross

wei ght ot 4167 pounds when adjustments are made for removal of the

baseline wheeled l anding gear and i nstallation of the air cushion or air
bag skid systems. The baseline Boeing ARPV was initially desi gned for an
air bag skid recovery system so no modifications to the airframe were
necessary for the ABSS or ACRS. Several modifications to the Rockwell
ARPV were needed to in stal l the ABSS and ACRS . The round fusel age of the
baseline Rockwell ARPV does not provide the wide and flat surface needed
for an ABSS or ACRS installation . Attaching the bag or trunk directly to
the curved fusela ge results in excess ive trunk volume gi v ing poor roll
and pitch stability and damping. Therefore, hinged fairings were
proposed which fold out laterally and provide a wide flat surface for

attachment of the air cushion trunk or air bag skids, as shown in F i gure
5. The fairings are supported by either spring loaded linkages or
pressurized bladders.

(2) Air Vehicle Mass Properties

The mass properties for the Boeing and Rockwell ARPVs are
listed in Table 1. These values represent the maximum landing gross
weight configurat i ons for both air vehicles and include a wei ght

increment for the ABSS or ACRS instal lations. The ABSS and ACRS
insta l lati ons were assumed to have equal we i ghts for these simulations.

(3) Aerodynamic Characteristics
( a )  Boeing ARPV

The basel ine Boe i ng ARPV , Model 1042-15A, is a

wing—canard-vertical tail configuration as shown in Fi gure 6. The elevon

control surfaces located on the wing are used f or pitch and roll
control . Yaw control is provided by a rudder. The canard surface is a

double hinged , two position panel; it consists of the canard and a canard

flap. During normal flight the surface is not deflected until at landing
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TABLE 1

B O E I N G  AND ROCKWELL ARPV MASS P R O P E R T I E S

Rockwel l  ARPV B o e i n g  ARPV

Vehicle Wei ght Emptj (LB.) 2987 1330

Payload 4 AN /ALE -38 ’ s 1 AN/ALE-38

Recovery Weights
Landing Gross Wei ght (LB.) 4167 1600
Landing Fuel Weight (LB.) 300 50
Landing Pay l oad  Wei ght (La .) 880 220
1~~ @ Landing GW (Slug-Ft’) 2860 67

~~ @ Landing GW (Slug-Ft 2)  2680 790

~ Landing GW (Slug—Ft 2) 5120 570
I~~ ~ Landing GW (S lug— Ft 2)  0 20
Vehicle Center of Gravity Sta . 168.6 , Sta . 226

7.5 in. above WL 100
a i r pl ane CL

Takeoff ~Aei ghts
Takeoff Gross Weigh t (LB.) 7359 3320
Takeoff Fuel Weight (LB.) 2196 1446
Takeoff payload WeiQht (LB.) 2176 544

@ TJGW (Slug—Ft~ ) 6240
@ TOGW (Slug-Ft~) 4840
~ TOGW (S1ug-Ft~) 10440
~ TO~3~ (Slug-Ft

2) 0
Venicle Center of Gravity Sta. 168.6, Sta . 226

7.5 in. above WI 100
a i r p l a n e  CL
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approach , when the canard inc i dence is 5 degrees and the canard flap is

deflected 40 degrees, wh ile the elevons are symetrically deflected to a
nominal position of -30 degrees to trim the air vehicle. All of the
fli ght control surfaces use electromechanical actuators powered by a 4 to
10 kva eng ine driven alternator.

Prel imi nary ABSS and ACRS trunk shapes were developed and used to

estimate the stability and control coefficients for the air vehicle. It

was assumed t hat t he coeff ic i ents or i gi n a l l y calculated described the
dominant S/C characteristics which did not change significantl y as the
trunk size and shape was modified . Therefore , these coefficients were
not updated l ater as the trunk shapes were modified during the landing
simu l ations. Changes to the ABSS or ACRS desi gns whi ch coul d cause
un desirable S/C effects were avoided. For instance , an ACLS trunk cou ld

i nterfere w i t h t he downwas h behi nd t he canar d if i t was locate d too far
forward and was too wide at its forward end. Also , a trun k wh i ch has a
very wide aft end could interfere with the wing aerodynamics.

Tables 2 and 3 list the lateral and longitudinal S/C coefficients which

were calculate d for the Boeing ARPV during lan di ng approach w i th an ACRS
and with an ABSS. The classical notat ion is listed , along with that used
by program EASY. Ground effects were not included in any of the
simulations. The coefficients are estimated data based upon methodology

presented in the USAF DATCOM (Reference 4). The general trends of the
bag deployment data are in agreement with the characteristics of wind
tunnel data for the F—8 , Buffalo and J i ndi v ik ACLS conf igurations.

( b ) Roc kwell ARPV
The basel i ne Rockwell ARPV is a wing—butterfly tail

confi guration as shown in Figure 4. Pitch control is achieved by
symmetrical deflection of the butterfly tail . Wing outboard spoiler

def lection interconnected with differential incidence of the butterfly
tail panels produces augmented roll and proverse yaw. Differential
deflection of the butterfly tail panels interconnected with outboard
spoiler deflection produces augmented yaw and proverse roll. This air
vehicle also has leading and trailing edge flaps which are deflected 30

18
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degrees and 40 degrees respectivel y during landing approach. Rockwel l
describes the normal l anding approach as a descent at 100 knots on a 5
degree glide slope and 80 knots just prior to touchdown . When landing
with a large crosswind , a decrabbing maneuver is also executed just
before touchdown . The fli ght con trol surfaces use elec tr ical l y powered
actuators.

As with the Boeing ARPV , preliminary ABSS and ACRS trunk shapes were
developed and used to estimate the S/C coefficients for the air vehicle
with a deployed trunk. Because of the hi gh wing location , aerodynamic
interference due to the deployed trunk is not a problem. There is no
definite forward constraint to the trunk size and the onl y rear
constraint is the tail hook pivot. The USAF DATCOM methodology was used
to estimate those coefficients which were not listed in the Rockwell ARPV
report. Rockwell coefficients are listed in Tables 4 and 5.

(4) Program EASY A i r Ve hi cle Models
F igure 7 shows a b lock di agram of the program EASY mat h

models which were developed for the Boeing and Rockwel l vehicles. These
math mode ls con ta i n the lateral and long itudi nal aerodynam ics , the engine
thrust , and the air vehicle six degree—of-freedom equations of motion and
mass properti es.

At an earl y point durin9 the analysis it became apparent that a math
nc-del of the air vehicle stability augmentation system was needed to make
the models dynamicall y stable. A simple model of an SAS was produced by
using the EASY optimal controller component. The air veh icle state
var i ables and various error variables are inputs to the controller .
Con troller outputs are engine thrust setting and fli ght control surface
oosition comands. More detailed information about each of these
components is contained in the program EASY users manual , Reference 3.

b . Boe ing AR PV Infli ght S imula tions
The first analyses to be performed were a ser ies of linear and

root locus calculations to i dentify the l ateral and longitudinal modes of

the air vehicle with the trunk stowed and deployed. Figure 8 shows the
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results of these analyses for the Boeing ARPV without its stability
au~iientat1on system. The dutch roll mode is unstable with the trunk

stowed and becomes even more unstable as the trunk is deployed. With the
trunk stowed, a coupled roll—spiral oscillation exists but as the trunk
is deployed, this oscillatory mode separates into the first order roll
subsidence and spiral divergence modes. The longitudinal phugoid mode is
stab le and changes very l ittle as the trunk is deployed. Large changes
occur to the short period mode as the trunk is deployed; the normal
stable oscillatory mode changes into two first order modes, one of which
moves i nto the r i ght half plane. Simulation of the free air vehicle
response to a smal l disturbance verified these instabiliti es.

The existance of the coupled roll spiral oscillation and unstable dutch
roll mode when the trunk is stowed shows that a stability augmentation
system is needed to increase pitch and yaw damping even without an ACLS.
Therefore, the ànly effect of the ACLS installat ion on the flight con trol
system will be a change in SAS controller gains.

To investigate the response of the air vehicle to small disturbances
during landing approach, it was necessary to include a math model of an
SAS in the program EASY air vehicle math model. The optimal controller
component was used for this purpose. The optim~l controller i s des igned
about a linear model of the nonlinear system at a single operating
point. Controller inputs and outputs, the desired operating point , and
controller design ~~ight s for each of the inputs and outputs must be
specified. The controller des ign we ights are used in a cost function
which assesses a penalty for system output errors and excessive control
power .

Figure 9 shows some of the characteristi cs of the controller. More
detailed information is available in the program EASY users manual ,
Reference 3.

The optimal controller (OC) component was integrated into the air vehicle
math mode l and several different DC designs were investi gated. The OC
desi gn factors ~~re determined by a mixture of calculations and
qualitative anal ys i s of s imulati on results.
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X Z X O + x

Vs Vs + y LINEA R MODEL REPRESENTS
0 S PERTURBATION AB OUT OPERATING

Y c Yc 0 + y POINT

U 1/2 + u’Ru)dt DESIGN CRITE RIA COST FUNCTION

Q = SENSED QUANTITY WEIGHTIN G MATRIX

R = CONTROL QUANTITY WEIGHTING MATRIX

Cd = E (dd’) STATE DISTURBANCE COVARIANCE MATRIX

Cs = E (vv ’) SENSOR DISTURBANCE COVARIANCE MATRIX

Figure 9 Program EASY Optima l Controller Characteristi cs
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The response of the air vehicle with SAS to a 15 ft/sec sharp edged gust
at 5 seconds was simulated. The simu l ation also included a math model of
the l and i ng approach glide path vector. The optimal controller sensed
the position errors which occurred if the air vehicle drifted off the
glide path, and then minimi zed those errors by maneuvering the air
vehicle towards the vector by moving the fli ght control surfaces. The
results show that the air vehicle did not become unstable when disturbed

by the gust. The optimal controller responded to the gust disturbance by
changing the engine thrust setting and moving the flight control surfaces
to trim the air vehicle at a pitch angle of 8.5 degrees, a roll angle of
2.25 degrees, and a yaw angle of 1.9 degrees. Fi gures 10 and 11 show
some of the significant results from the simulation. Although the
controller is a very simple model of the actual air vehicle SAS and
autopilot , it does show that a controller , using reasonable sensors and a
l imited amount of control power, can stabilize the air vehicle when
flying through turbulent conditions with the ACRS trunk deployed during
landin g approach.

A series of steady state analyses were also i erformed to define a range
of air vehicle trim conditions during landing approach. The results are
shown in Fi gures 12, 13, and 14 and describe the air vehicle attitude
when trinined f or various sink rates, gl ide slope angles and crosswinds
for the Boeing ARPV with the ACRS and ABSS. Results showed little
difference in control requirements between the vehicle with the ACRS and
that with the ABSS.

c. Rockwell ARPV Infli ght S imula tions
An anal ysis approach similar to that used for the Boeing ARPV

was used to identify the l ateral and longitudinal modes for the Rockwell
ARPV. F i gure 15 shows a root locus plot of the results for the Rockwell

ARPV without its stability augmentation system. The phugoid mode is
neutrally stable arid essentially remains constant as the ACRS trunk is
deployed. The short period frequency is reduced by 30% as the trunk is
deployed, but its damping ratio increases and it remains stable. No

major changes occur to the lateral modes as the trunk is deployed . The
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Figure 15 Root Locus Plot Showing Lateral and Longi tudinal Modes
for the Rockwell ARPV without SAS
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roll  and spir al mode frequenc ies inc rease sl i ghtl y and remain stable.

The dutch roll mode is unstable with the trunk stowed , an d becomes
sl ightly more unstable as the trunk is deployed. Bec ause the dutch rol l
mode is unstable with the trunk stowed, an SAS woul d be requi red even
without the air cushion recovery system. Therefore, as with the Boeing

ARPV , the only air vehi cle modi f icat ion attr ibutab le to the ACRS
installation is a possible change in the SAS controller gains.

The invest i gation of the air vehicle response to disturbances during

landing approach required the inclusion of an SAS model into the air

veh i cle math model. As with the Boe i ng ARPV , the optimal controller
component (OC) was used for this purpose. The inputs and outputs for the
con troller , along with its desi gn approach, were simi lar to those used
for the Boeing ARPV .

A simulation was performed with the Rockwell ARPV displaced from the
lan ding approach glide path vector and simu l ation results show how the

air vehicle responds to this position error and maneuvers to intercept
the glide path. Figure s 16 through 20 show some of the results. These
results show that the air vehicle with a simple SAS model is sta b le and
controllable. Better response could be obtained by making improvements

to the optimal control ler design, but such an effort was not necessary
for this study.

Landing approach trim conditions were al so defined by performing a series
of steady state analyses. Figure 21 shows the results from this trim

analysis. The results show how the air vehicle attitude is related to
the glide path angle, sink rate and crosswind.

The analysis approach used for the Rockwell ARPV with the ABSS was very
similar to that used for the vehicle with the ACRS . Results were also
simi lar leading to identical conclusions.

d. Conclusions of Infli ght Simulation

Program EAS Y simulation and analysis result s have shown that the
only impact of the ACRS and ABSS on the Boeing and Roc kwell ARPV fl ight
control system is a possible change in SAS and autopilot controller gains.
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Modifications to the control surfaces or airframe are not necessary if
reasonable constraints are imposed on the sizes of the air cushion trunk
and air bag skids so they do not cause aerodynamic interference.

2. LANDING SI?4JLATIONS AND ANALYSIS

The principal objective of this study was to evaluate the performance
of several different recovery systems by us ing program EASY as a des ign
anal ysis tool. Air bag skid and air cushion trunk recovery systems were
investigated for both the Boeing ARPV and Rockwell ARPV. The design
var i ab les of each reco very system conf i guration were investigated to
determine their effects on landing dynamics to identify the conditions
under which satisfactory performance was achieved , an d to arr i ve at an
optimum configuration .

Sa ti sfactor y performance meant that severa l cons tra i nts were met. These
consisted of load l imit constraints , structure—to—ground clearance
constraints , and directional stability constraints. Optimum performance
meant that all the above constraints were satisf ied while the recovery
system weight, s i ze , power requirements and complexity were minimized.

The general approach followed was to first construct mathematical models
of the landing system components for program EASY by identifying
realistic air vehicle attitude and speed conditions at touchdown , and by
deve l oping preliminary designs for the recovery trunks and air supply
systems. These math models were then used in several three and six
degree-of-freedom simu l ations which showed the effects on system
performance of variaticn s to the touchdown initial conditions and the
system design parameters. The results of these simulations were used to
deve lop severa l parametric design curves wh ich relate design parameters P

and to ichdown initial conditions to system performance.

a. Development of Math Models
The air cushion and air bag skid recovery systems consist of

several interacting components. The principal components which dominate
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the dynamic behavior of the systems were included in the system math
models. Standard program EASY subroutines were available for all of

these components but input parameters describing each particular piece of
hardware had to be defined. This section describes how touchdown initial
condition s, the air cushion trunk and air bag skid , air supp ly
components , and arresting gear components were defined for inclusion in
program EASY.

(1) Touchdown Conditions

One of the results  from t he inf l i ght anal ysis described in
Paragraph 1 was the definition of mean air vehicle attitude and thrust
conditions when trimed during landing approach. Disturbances cause the
air vehicle to be perturbed about these mean conditions , and the specific
perturbations which will occur at landing impact are critical to this
study. It was possible to define desi gn envelopes of initial landing

conditions which included all the air vehicle attitude and rate
variables. Each variable was described by a normal distribution , which

was defined by a mean and a standard deviation. The extreme conditions
for each envelo pe were def ined by those combi na ti ons of var i ab les hav i n g
a joint likelihood of occurrance equal to a constant. MIL-A-.8863A
(Reference 5) gives rules and tabulated data for defining these envelopes
of landing impact conditions for different types of air vehicle and
landing condition. Table 6 was developed from MIL-A—8863A and shows the
standard deviation s for the air vehicle variables describing landi ng
impact conditions. This table and the MIL—A—8863A rules were used as a
guide in defining the worst case l anding Impact conditions for the Boeing
and Rockwell ARPVs .

Nose down (negative pitch angle) landings were not included In the
simulations. Landing conditions within two standard deviations (20) of
the mean l anding condition s were used to define the envelope of worst

case design conditions. There is a 95.45% probabIlity that these will be
the worst case conditions.

(2) Inelastic Air Cushion Recovery Trunk Des i gn
This preliminary design phase consisted of the Investi gation

of those parameters which affect the dynamic characteristics of an air
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Table 6

Variat ion of Landing rmpact Conditions

Variable Standard Deviation (G)

Approach Speed (knots) 5.0

Horizontal Ground Speed (knots) 8.0

Sinking Speed (ft/sec ) 1.33

Air Vehicle Pitch Ang le (deg) 2.25

Air Vehicle Rol l Ang le ( deg ) 2.5

Air Vehicle Roll Rate (deg/sec) 3.0

Air Vehicle Yaw Angle (deg) 2.5

I
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cushion trunk constructed of inelastic materials , the develo pment of
desi gn relat ionship s for the trunk , and the specification of those input
parameters required by the program EASY trunk model. Desi gn details such

as the trunk—to—fuselage attachment method , the trunk material properties,
and trunk stowage method are considered in Section III. Three operating

conditions were investi gated including l anding approach with the trunk
deployed, l anding impact, and l anding slideout . The program EASY input
parameters for the trunk model include the trunk installa ti on dimens ions ,
dimensions of the lubricated area and its porosity, and coefficients of
friction for the lubricated and unlubricated portions of the trunk.

Some of the constraints on air cushion trt—nk dimensions were outlined in
Paragraph 1.a(1). For the Boeing ARPV these constra ints included the
tailhook pivot at the rear, and the canard at the front. Trunk width is
constrained by the fuselage width , unless some type of exten dab le trunk
support structure is used. Fi gure 22 shows a desi gn variat ion which

increases the width of the deployed ~~unk. However , this confi guration

is not practical with the low wing desi gn of the Boeing vehicle. Wing

lift would be impaired . The onl y constraint on the size of the Rockwel l

ACRS trunk is the rear tailhook pivot. The hinged trunk support fairings
could be lengthened or widened to adjust for various trunk sizes and
fuselacte attachment locations. The initial trunk sizes used in the
lan di ng simul at ions , shown in Figures 23 and 24, were prel im inary
estimates of the sizes required. These dimensions were l ater changed
when landing simu l ations made it apparent that modifications were
necessar y.

Lubrication area, porosity, trun k mater i al , trunk pressure, and runway
conditions affect the friction forces acting on the ACRS trunk. Very
little test data is available on these subjects, espec i ally data
concern ing the effect iveness of trunk lubr icati on. However , some data
were found in Reference 6 which was used to define a relationship between
the friction coefficient and a lubrication flow coefficient. Fi gure 25
shows the relationship which was derived and Table 7 lists the baseline
trunk dimensions and parameters for the Boeing and Rockwell vehicles.
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TABLE 7

BASELINE ACRS DIMENSIONS AND PARAMETERS

Parameters Boein g ARPV Rockwell ARPV

Trunk Coef fic ients of Fr iction
Lubricated Surfaces 0.2 0.2
Unlubricated Surfaces (dry runway ) 0.7 0.7

Trunk Porosity .0125 .0125

Area of Trunk Lubri ca tion
Width of Perforated Area (inches ) 20.0 10.0
Length (forward 1/3 of trunk , inches) 97.1 114.2

Flow Di sch arge Coefficients
CDGAP (gap between trunk and ground) 0.9 0.9
C01 (free portion of trunk) 0.6 0.6
CD2 (flattened portion of trunk) 0.2 0.2
CDA (rel ief val ve) 0.9 0.9

Trunk Damping Coefficient (lbf-sec/in 3) 0.02 0.02

Trun k Dimens i ons
A (horiz. distance between fuselage
attach points , inches) 1 3 22

B (ver t. di stance between fusela ge
attach points , inches) 0 7

LO (trunk meridian length, inches ) 40.84 69.1
Number of trunk elements per side 11 8
Di stance between trunk center of

pressure and vehicle C.G. (inches) 0 0
Overall length (inches) 120 108
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(3) Air Bag Skid Design
The initi al air bag skid desi gns used for the Boeing and

Rockwel l vehicles are shown in Fi gures 26 and 27. Dimensional
constraints for the air bag skids were simi l ar to those for the air
cush ion recovery trunks. Since the air bag skid recovery confi gurat i ons
will use arrestment systems , lubrication is not necessary for directional
stability and was not included in program EASY math models of the air bag
skids. Table 8 lists the initi al air bag skid dimensions and parameters
used in the program EASY math models.

(4) Air Supply System
The air suppl y system for air cushion and air bag skid

systems consists of a power source, a flow genera tor, flow controllers ,
ducting, rel ief and backf low check valves , a ir inlets or ram air scoops
and the trunk or air bag. Various power sources and several different
flow generators were investi gated .

Al ternat i ve power sources i nc l ude engi ne b leed air , eng ine drive pad
shaft power , cool gas generators , compresse d gas bottles , ram a i r , and
auxiliary power un its. The basel i ne Boeing ARPV concept used a cool gas
generator as the power source for its air bag skid recovery system. The
suitability of this power source was evaluated for both the Boeing air
bag skid and the air cushion trunk recovery systems.

A l ternative flow generators include shaft dri ven fans, ejector nozzles,
tip turbine fans, and hub turbine fans. The feasibility of these
components was investigated f or both air vehicles.

(a) Boe ing ARPV
The Boeing ARPV uses the Teledyne Cont inental CAE-373

engine. Fi gure 28 shows the engine ’s bas ic dimens ions and general la you t
and Table 9 lists engine performance data. This engine has only one pad
available for power extraction. This pad is located at the engine inlet
where the current conce pt shows a 4 kw electr ical al ternator di rectly
cou p led to the compressor shaft w hi ch has a max imum speed of 42000 rpm.
Figure 29 shows the electrical load profile for the air vehicle and
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Figure 28 Teledyne CAE-373 Turbojet Engine for Boeing ARPV
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TABLE 8

BASELINE ABSS DIMENSIONS AND PARAMETERS

Parameters Boeing ARPV Rockwell ARPV

Ba g Coeff ic ients of Fri ction
(no lubri cation) 0.7 0.7

Flow Discharge Coefficients
CDA (rel ief valve) 0.9 o.g

Bag Damping Coefficient (lbf-sec/in 3) 0.02 0.02

Bag Dimensions
A (horiz. distance between fuse l age

attach points , inches) 13 21
B (vert. distance between fuselage

attach points , inches) 0 7
LO (bag mer id ian length, inches) 31 .4 47. 6
Number of bag elements per s ide 6 6
Distance between bag center of pressure

and veh icle C.G. ( i nches) 0 0
Overall len gth (inches) 120 120
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previous studies indicate that a 10 kw alternator is the maximum size
that could be instal led with current technology .

Table 9

MODEL CAE— 373 TURBOJET ENGINE PERFORMANCE

Parameter S.L.S. S.L. Mach 0.85 20K Mach 0.85

Thrust - pounds 970 1030 585

SFC —pound/hour/pound 1.04 1.35 1.25

Airflow—pound/second 13.60 19.30 9.97

- deg F 1430 1450 1445

(Reference 1)

A moderate amount of bl eed air is al so ava i lab le. The max imum engine
hi gh pressure bleed witn power extraction is approximately 0.70 pounds
mass per secon d. F i gure 30 shows bleed air pressure and temperature , and
engine thrust as a function of engine speed. The bleed air temperature
is quite hi gh (475 deg F at idle speed), so it woul d be necessar y to mi x
this bleed air with sufficient cool air to reduce the suppl y air
temperature to less than 200 deg F before it enters the trunk .

Location of the air suppl y system components is cr iti cal because space i s
very limited on the Boeing ARPV. The baseline air vehicle has the cool
gas generator installed below the eng ine, where the space avail able
limits the generator size. The weapons bay provides an alternate

57



I -
~~~~

~ 600 L
0 .—. U- I
W ) - O  I
-J I- I

~ 500 

/
~c~~

100

U.
a

U.

5 0 -
0 V)
L I J ) - 0 .
U J< I NOTES:

1. SEA LEVEL —STANDARD DAY
2. 3.70 LBS/SEC BLEED AIR

0 - 3. NO HORSEPOWER EXTRACTION

-J

U-

600 -

VS MIN . RPII
600 - 

MAX. TURB I Na WITH BLEED

E 400 - 

WITH BLEED
INLET TE MP.

I-
U.

I 1

100 95 90 85 80
% ROTOR RPM-(N /42000) x 100

Figure 30 CAE-3 73 Performance wi th Bleed Air

58



locat ion . Space exists on either side of the bomb rack , and s ince  the

gas genera tor mus t be replaced after every mission , the wide weapons bay

doors and extra room may improve serviceabil i ty. The gas source for the
air cushion trunk which requires a h i gher flow rate than the air bag skid
system wil l  not fit in the weapons bay so it wil l  have to be installed
under the weapons bay where fuel is carried. Fuel volume lost is
equivalent to the volume of the f an or ejector which is ~nstalled.

Another important consideration is the typical pressure -flow
character istic of each component. Reference 7 compares the performance
of ejectors and tip turbine fans using a dimensionless “perfo rmance
rat i o” and “augmentat i on ratio ” as comparison parameters. Fi gures 31 and
32 show the two components which were tested , and Fi gures 33 and 34 show
the augmentation ratio and performance ratio test results. The
augmentat ion ratio is defined as the ratio of pounds mass of secondary

flow per pound mass of drive air flow. The test results show that , i n

general , a tip turbine fan w ill produce more total flow than an ejector

using the same drive air f low. The performance ratio is def ined as the
ratio of the secondary flow rate at various back pressures to the
secondary mass flow rate at ambient back pressure. Fi gure 33 shows that
tip turbine fan flow is much more sensitive than ejector flow to back
pressure var i ations. Because the ejector is the simplest and most

reliable device , and because l arge back pressure variations will occur
for an ACLS appl ication , the ejector was chosen to be inc l uded in the
program EASY model of the Boeing ARPV air cushion and air bag skid
recovery systems.

To est imate the size and number of ejectors needed for the landing
simulat ions , the pressure—flow characteristics of the air cushion trunk

and air bag skids were anal yzed at three operating conditions: l anding
approach with the trunk deployed , l a n d i n g  impact , and landing s lideout.
During landing approach , all of the trunk lubrication orifices are
exposed to ambient pressure , so trunk outflow is hi gh. During landing
slideout however, many of the lubrication orifices are flattened against
the ground , so their effective discharge coefficient is decreased thus
P-educi ng trunk outflow. Fi gure 35 sumarizes some of the results.
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The number of ejectors , their size , and their primary pressures determine
the trunk inf low. Figure 36 shows pressure—flow characteristics for the
TD-530 ejector. The number of these ejectors and their primary pressures
were varied during the simulations . The maximum possible primary
pressure will be determined by the primary flow source. If bleed air is
used, and a 15% line loss is assumed, then 59.5 psia (44.8 psi g) primary
ejector pressure is available with the engine at idle speed. This is a

suitable pressure, but the maximum bleed air mass flow rate imposes a
ti ghter constraint. The l imit is 0.70 pounds mass per second , and Fi gure
37 shows that if two TD—530 ejectors are used , each supplied with 0.35
pounds mass per second , the maximum ejector dr i ve pressure is
approximatel y 18 psi g.

An additional ejector is required if suction braking is used with the
ACRS . Suction braking pressure—flow requirements were analyzed during
the landing simulations and results are discussed in Paragraph 2 .a . (5) .

(b) Rockwell ARPV
The Rockwell ARPV uses the General Electric J85-GE-4

engine. Fi gure 38 shows the general la yout of thi s en gine. Ta b le 10
lists engine performance data and Table 11 lists characteristics of the
engine accessory drive pads. Four pads are available and pads P-2 and
P-3 are identical . The baseline Rockwell ARPV uses pad P-4 to drive a
sma ll air compressor , pad P-3 to mount the integrated air turbine
starter-electric generator unit , and pad P-i is the conventional
tachometer drive pad. Pad P—2 is not desi gnated for any specific use and

would be available to power an ACLS air supply system. The maximum

continuous power rating for this 1,ad is shown in Fi gure 39. It does have
overload capability of 84 hp for five minutes in any gi ven four hour
period and it may be possible to expand these constraints for unmanned
applications like the Rockwell ARPV.

Airb leed is also ivailable from this engine . The maximum bleed rate for
the J85 eng i ne has been set at 3% of total compressor inlet flow. Fi gure

40 shows these maximum bleed rates for the man—rated J85 engine. If the
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TABL E 10

J85—GE—4A ENGINE PERFORMANCE

ALTITUDC MAClI PERCENT THRUST SFC
IT NIJNIWI% R I M  Ll~S I . f lhI IR / I . l i  I.~5/ $ F.C

S.L. 0 100 2,950 .932 43.6
97 2, 350 .936 41.0
91 1, 590 .943 36.8
80 880 1.185 29.6

0.5 98.5 2 ,640 1.172 49.2
97 2 ,620 1.158 47.6
91 1,.~OO 1.220 42.6
80 490 2.040 34.6

0.8 95 2,700 1.278 57.4

1,190 1.359 53.0
80 340 3.090 43.0

15,000 0.5 104 1,760 1.137 30.6
100 1,550 1.098 29.8
97 1,320 1.103 28.2
91 780 1.191 25.2
80 270 2.078 20.4

0.8 101 1,930 1.222 37.2
97 1,630 1.190 35.0
91 9~P 1.285 31.4
80 180 3.220 25.4

25,000 0.6 106.5 1,300 1.153 22 .4
100 1,070 1.035 21.5
97 890 1.090 20.5
91 520 1.231 18.2

0.8 104.5 1,420 1.198 25.3
1CO 1,235 1.150 25.2
97 1,030 1.145 23.9
91 590 1.289 21.3

36,089 0.6 107.4 800 1.125 14.2
100 640 1.062 13.5
97 530 1.085 12.8
91 310 1.290 11.4

0.8 107.4 970 1.185 16.5
100 740 1.109 IJil
97 610 1 .131 15.0
91 350 1.315 13.35

65,000 0.8 107.4 610 1.231 10.7
100 482 1.161 10.15
97 397 1 .1 93 9.6
91 2.6 1.1.57 8.5

(REFERENCE 2)
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J85 current bleed system was modified by installing a larger bleed port,
the maximum bleed could be Increased to 2.0 pounds mass per second at
max imiin power . At idle power this maximum bleed would decrease to

approxImatel y 1.25 pounds mass per second. Fi gure 41 shows the eng ine

thrust and b leed air properties for a b leed rate of 0.70 pounds mass per
second. The bleed air temperature exceeds the ACLS trunk material
temperature limit of 200 deg F so it must be mi xed w ith cooler ambi ent
air.

The tip turbine fan and ejector components were investi gated for use with
the bleed air source. Evaluations simi l ar to those discussed in the
previous section for the Boe i ng ARPV were performed and resul ts were
similar .

Shaft driven fans were al so investigated for this air vehicle. Several
fan dr ive ‘train confi gurations are possible , such as:

o electr ic motor dr i ven fans powered by an electric generator

F mounted at pad P— 2
o hydraulic motor driven fans powered by a variable displacement

hydraulic pump mounted at pad P-2

o shaft driven fans driven by hi gh speed drive train through a
clutch at pad P-2

Two basic 4.ypes of air suppl y systems were included in the program EASY
math models of the Rockwell ARPV confi gurations - an ej ector system and a
shaft driven fan System.

The ejector system was selected as a practical air supp l y system for the

l ower fl~~ requirements of the ACRS and ABSS. It was selected because of

its insensitivity to back pressure var i ations , low complexity and

reliability. Onl y the ejector component was included in the air suppl y
system math model since the dynamics of valves and ducting will have
minor effects on the system performance. As with the Boeing ARPV , the
10—530 ejector described by Figures 31 and 36 was modeled .
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A shaft driven fan system was included in the math model of air cushion
systems for takeoff and recovery. This System is most capable of
providing the large takeoff flow requirements. Onl y the fan component
was included in the EASY math model since its dynamics will dominate the
response of the air suppl y system. Performance data was not ava i la ble
for an actual two—stage axial fan with the necessary pressure—flow
characteristics. Therefore, a theoretical rather than empirical fan map
was used to represent the fan performance. Thi s fan map was developed to
satisfy takeoff and recovery pressure-flow requirements and is shown in
Fi gure 42.

As wi th the Boeing ARPV , space for the air supply system installation is
very l imited. Prac ti cal instal l at ion cons iderat ions were not
i nvestigated i n detai l pr ior to the dynamic simulations. The approach
followed consi sted of 1) mak ing prel im inary estimates of the component
si zes needed, 2) including these in system math models , 3) performing
dynamic simulations and adjusting component sizes during the simu l ations
to achi eve sati sfactory performance, 4) specifying component requirements
and estimating their size, 5) preliminary design of the system
instal l ation and determination of its feasibility .

(5) Suction Brak i ng
Suction braking requires the instal l ation of a dedicated

flow source for the air cushi on. Previous results and prel iminary
analysis indicated that low suction braking flow rates wi ll produce
effective cushion suction. Analysis indicated that the TD-530 ejector
woul d satisfy these flow requirements, so an attempt was made to model
the ejector with the EASY ejector (EJ) component to produce suction
brak i ng. However, due to incompatible input/output requirements ,
problems were encountered when attempting to connect the EASY ejector
component and air cushion trunk (TK) component to produce flow out of the
cushion. Therefore, suction braking was modeled by connecti ng an
inlet-outlet (10) component to the cushion , with less than ambi ent
pressure at the outlet of the 10 component to produce a flow out of the
cushion . This flow could be correlated Into ejector performance
requl rements.
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(6) Arrestment Systems
Some of the dynamic simulations included l anding arrestrnent

of the air vehicles. The program EASY model of the All American
Engi neerin g Company “Water Twister” arrest ing system was use d in these
simulations. The general layout of a typical system is shown in Figures
43 and 44.

The principal desi gn constra ints for the arrestment systems were the
structural load l imits for the two air vehicles and air vehicle—to—ground
clearances when arrestment loads are applied. These limits are 3g
longitudinal for the Rockwell ARPV and 4g longitudinal for the Boeing
ARPV .

The major design var iab les for the arres tment system are the a i r vehi cle
ta i l hook length and loca tion , the water twister damping coefficient , and
the tape drum diameter . Several other arrestment system desi gn
parameters having minor or negligib le effects on dynamic performance were
included as fi xed parameters. Design var i at i ons were i nves ti gated during
the program EASY dynamic simulations while attempting to achieve
satisfactory performance. Table 12 lists the values of the baseline
des ign par ameters for the Boe ing and Rockwell ARPV arres tment systems.

(7) Other Characteristics of the Landing Math Models
The program EASY l anding math models basicall y consisted of

standard components defining the air vehicle aerodynamic forces (OL, DL ,
VA) , the air cushion trunk (TK or IS) or air bag skid (AB) forces, the

air suppl y system (EJ , FR , 10), the arrestment system (AS), the air
ve hi cle equat i ons of motion (DS , SG, TT , or IL), and various other table
definition , sumati on, and multip l icati on components (TA , TB , S3, S4, MA)
used to combine air vehicle forces or control surface position coninands.

Special coding was added to the air vehicle models to generate specific
anal ysis information. Component TR which performs a coordinate system
transformation is called from inside a loop in subroutine EQMO of program

EASY and is used to calculate critical air vehicle—to—ground clearances.
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TABLE 12

ARRESTMENT SYSTEM PARAMETERS

Runway span between sheaves (ft.) 100

Tape drum to sheave distance (ft.) 10
Initial cable heigh t above runway (ft.) 0.5

Cable weight density (lb/in 3) 0.25

Cable cross sectional area (in2) 0.2 (l /2~ dia .)
Cable initial stress (psi.) 2500

Tape weight density (lb/in 3) .03

Tape thickness (in.) .15

Tape width (in.) 5
Tape drum inertia (lbm-in 2) 30000

Cable modulus of elasticity (psi.) 1.2 (io~)
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Table 13 lists the clearances of particular interest for each air
vehicle. Component FU was added to calculate the relief valve area; this
variable Is not a normal output of components 1K or AB. Other coding was

added so that tabular Input information for components 1K and IS could be
used for parameter var i ations in root locus or steady state anal yses.

b. Landing Simulation Results

The major objectives of the landing simulations were:
o to identify the recovery system parameter values which

achieve satisfactory performance or which provide the best
ach ievable performance.

o to develop parametric design information wh i ch relates
recovery system performance to var i ations in design
parameters.

o to identif y constraints on the air vehicle attitude and
sink rate at touchdown .

o to identify any modifications to the baseline airframe due
to the ACLS installation.

Specific requirements which must be satisfied for acceptable performance
un der normal touchdown conditions are:

o max imum lan di ng impact loads must be less than the structural
load limits for the airframe.

o the unprotected fuselage and wing tips must not hit the ground.

o the air vehicle must have directional stability during landing
sl ideout.

Landing impac t loads and ground-airframe clearances were first
investigated using a three degree—of-freedom (DOF) long itudinal model

instead of six DOF to reduce computation cost. The three DOF simulations

could not be used to investi gate directional st3bility, la teral

80



TABLE 13

AIR VEHICLE TO GROUND CLEARANCES CALCULATED BY PROGRAM EASY
DURING THE LANDING SIMULATIONS

Clearances (= height above ground of the following Program EASY
points on the airplane ) Notation

Rockwell ARPV A

o Mos t fo rwa rd , bottom point on wing tip mounted
AN/ALE-38 chaff dispensers

Left Wi ng GAPLWF
Right Wing GAPRW F

o Most aft, bottom point on wing tip mounted
AN/ALE—38 chaff dispensers

Left W i ng GAPLWR
Right Wing GAPRWR

o Bottom poi n t on JTIDS an tenna moun ted on
bottom of fuselage

Forward An tenna GAPFF
Aft An tenna GAPFR

o Distance between airplane c.g . and ground GAPCG

Boe i ng ARPV
o Most outboard, aft point on the canard

Left Canard GAPCL
Right Canard GAPCR

o Mos t outboar d, forward point on the wing
Left Wing GAPWL
Ri ght Wing GAPWR

o Bottom point on fuselage at STA 131.5 GAPFF

o Bottom poi n t on fusela ge at SIA 318 GAPFR
o Distance between airplane c.g. and ground GAPCG
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clea rances , and arrestment system effects on the air vehi cle but
approximate impact loads were established. The six DOF simulations were
made after a data base had been created by performing several three ‘)OF
simula ti ons.

Si nce a mult i tude of parameters are invo l ved i n dynam i c si mula ti on of a
ve hi cle recovery system, parametric invest i gation of all of them is not
reasonable. Therefore, the key to proper anal ysis is to select as
var i ab les , onl y those data that have a major impact on system
performance. The rigidity of t i s  data varies from item to i tem; some of
the input data are fixed for all cases (for instance , the air vehicle
mass properties and aerodynamics), other i nput data can be changed to
some extent, but modifications usually require a major effort and have a
lar ge impact on the air vehicle (for instance , the trunk shape and fan or
ejector performance maps), and still other input data are simple to
modify and In many cases are easily adjustable after the equipment is
installed on the air vehicle (such as the relief valve cracking pressure ,
the ejector primary pressure or fan speed, and the arrestment system
damp ing coefficient).

(1) Boei ng ARPV Landi ng Simula ti ons
(a) Boeing ARPV with ABSS

The basel ine ARPV , Figure 26, uses an ABSS with an
arrestment system for landing, so this desi gn served as the starting
point for these simulations. Figure 45 shows the l ayout of the two air
bags. Each bag was modeled in the EASY program as six individual
elements, free to move l aterally and verticall y relative to each other.
Each bag is 120 inches long, 15 inches in diameter , and attached to the
flat fuselage underbody along a 13 inch chord line. Fi gure 46 shows a
sectional view of a general air bag installation and the dimensi onal
terms used to define it. Program EASY requires input data defining the
free bag shape, it then calculates the shape of the bag under various
l oading conditions and the loaded bag shape data are then tabulated by
the program. These data have been plotted and are shown i n F i gures 47
through 49 for the basel i ne air bag. These relationships will change as

82



13
H

(3) 
-

I I

~: C

FREE ELEMENT SHAPE 
______ ______ — —

~: C’4

I _____ — —LINE OF INBOARD ___

~NATTACHMENT

I 1 
— 

C

I —
C
(I)

LINE OF OUTBOARD I I
I I ——AUACHMENT 
I
I ® I C

I C’4

I i 
—

I I

®I C
C’4

_ I _ I _ _ _ _  — —

~AB
13

NOTE : ALL DIMENSIONS 
15ARE IN INCHES . 

________

Fi gure 45 Baseline Air Bag Model for Boeing ARPV

83



AIRCRA FT11 b / LO~1GITUDI ~~I.± AXIS

( I (a)

r Zo 
SHAPE

Lo 
2

Li~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~
i:~~~~~~~~~~~ h2 \

Q~~o o  
~~~~~~~~~~~~~~~~~~ 13

(REFERENCE 3)

Figure 46 Air Bag Geometry

84



10 - Y0 HORIZONTAL DISTAN CE BETWEEN BAG CENTERLINE
AND INBOARD ATTA~1 POINT ( INCHES)

ZO = VERTI CAL DISTANCE BETWEEN AIRCRA FT HARD
STRUCTURE AND BOTTOM OF BAG (INCHES)

8

6~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-6 -O l.A = .7 RIGHT SKID SLIDING RIGHT

= .2 RIGHT SKID SLIDING RIGHT

p = .2 RIGHT SKID SLIDING LEFT

-8 p = .7 RIGHT SKID SLIDING LEFT

10 a a

12 10 8 6 4 2 o
ZO (INCHES)

Figure 47 Air Bag Geometry for Boeing ARPV with Baseline ABSS,
YO vs. ZO
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20 -

Li = LENGTH OF BAG ELEMENT BETWEEN GROUND CONTACT
POINT AND OUTBOARD ATTACH POINT (INCHES )

ZO = VERTICAL DISTANCE BETWEEN AIRCRAFT HARD
STRUCTURE AND BOTTOM OF BAG (INCHES)

0
©

— 10
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-J

5 ,
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© p .7 RIGHT SIDE SLIDING RIGHT
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ZO ( INCHES)

Figure 48 Air Bag Geometry for Boeing ARPV wi th Baseline ABSS ,
Li vs. ZO
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20
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7.0 = VERTICAL DISTANCE BETWEEN AIRCRAFT HARD
STRUCTURE AND BOTTOM OF BAG (INCHES)

0
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Figure 49 Air Bag Geometry for Boeing APRV w ith Baseline ABSS ,
L3 vs. ZO
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the bag cross sectional dimensions are changed . Six different bag sizes
were investigated during these simu l ations; their free shape dimensions
are l isted in Table 14.

Table 14

ALTERNATIVE AIR BAG SKID DIMENSIONS FOR THE BOEING ARPV

A ir Beg Model Diameter (in.) Length (in.)

B—ABSS— 1 (baseline) 15 120

B-ABSS-2 15 180

B-ABSS—3 30 160

B—ABSS -4 15 160

B-ABSS—5 15 140

B—ABSS-6 15 150

The TD-53O ejector, which was discussed in Paragraph 2.a(4), was modeled
in program EAS Y for this simulation. One ejector model was used for each
of the two bags.

The initial simulations were one second durat i on , three DOE longitudinal
landings without arrestment. The purpose of these simula ti ons was to
i nves tig ate t he lan di ng impact performance of var ious ai r bag system
desi gns to determine-.a minimign size bag which would satisfy both load
limi t constraints and long i tud i nal clearance constraints. These
simu l ations used initial conditions which placed the air vehicle a few
inches off the ground at an attitude and speed based upon the previousl y
defined landing approach trim conditions. Touchdown initial conditi ons
inc luded perturbations from the mean trim conditions. Worst case landing
impact conditions were defined by using the stati stical approach outlined
in MIL-A-8863A (Reference 5).
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The first several simulations were used to i dentify a bag length and
diameter wh i ch would achieve satisfactory performance. Results are shown
in Figures 50 and 51. As the bag length and di ameter are i ncreased , the
minimum front and rear fuselage—to—ground clearances increase and the
peak l anding impact loads on the air vehicle increase. The large
diameter bag requires a more complex installation since hinged panels are
required for the more outboard attachment of the bag to the fuselage and
the bag interferes with air flow over the wing. Also , increasing the bag
diameter did not result in reduced loads to the vehicle . Therefore , this
design was rejected. An air bag design which is 150 inches long and 15
inches in diameter gave satisfactory results ~n these simulat i ons, so it
was used in the succeeding simulations which investi gated air supply
system design var i ations.

Dur ing the next series of simu lations, the effects of air vehicle sink
rate at touchdown, the rel ief val ve cracking pressure, and the initial
bag pressure at landing imp act were investi gated. Results are shown in
Fi gures 52 and 53. Fuselage—to—ground clearances and vehicle maximum
acceleration are shown. The vehicle acceleration in the l anding
simulations of this document is the total resultant acceleration , that
is , the product of the acceleration in each of the three axial
directions. Fuselage—to—ground clearances appear to be satisfactory
dur i ng these simu l at ions , but the load limi t of 6g for the Boeing ARPV i s
consistently exceeded when l anding at the landing approach sink rate of
10 ft/sec, even at the lowest practical bag pressures and relief valve
cracking pressures. The problem of exceeding the incremental load limit
at touchdown arises partially from the circular cross section shape of
the Dags. Increasing the bag diameter to get more stroke also increases
the contact area thus rai si ng the peak l oad. An el ipti cal cross secti on
which would allow an increase in bag height without an increase in width
would al l eviate this problem. This approach would increase the
complexity of the bag.

Touchdown load limit s for an air vehicle are usuall y established by the
struc tura l li m i tat i ons of the land ing gear an d the reverse loa d
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Figure 50 Boeing ARPV with ABSS, 3 DOE Landing Simulations ,
A ir Bag Length vs. Acceleration and Clearances
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limitation of the wing structure . With an air cushion or air bag skid
system the landing system loads are distributed along the fuselage so the
wings become the limiting structure . For a vehicle such as the Boeing
ARPV , with a short, small wing and no stores carr i ed on the wing, the
load factor can be increased to 8 or lOg with little effect on the
structure wei ght.

The l ower limit on the steady state bag pressure prior to touchdown is
determined by the dynamic pressure acting on the bag at landing approach
speeds. This dynamic pressure is approximatel y 0.5 psig at 130 knots,
therefore a minimum bag pressure of about 1.0 psig will gi ve, the bags
sufficient rigidity to prevent flutter and retain their cylindrical shape
during minor maneuvers and wind gusts. A relief valve cracking pressure
of 0.]. psi above the bag steady state pressure is a minimum from a
practical desi gn standpoint.

Another series of simu l ations were performed which investi gated the

effects of pitch angle and sink rate on peak landing impact loads. The

rel ief valve cracking pressure was fixed at 1.1 psi g and the initial bag
pressure set at 1.0 psi g for this series. Results are shown in Fi gures
54 and 55. The points where the constant pitch angle lines in Figure 54
cross the structural load l imit lines have been plotted in Fi gure 55 to

form a load limi t constraint envelope for 6g, 8g and lOg. The shape of
this curve with a minimum sink rate point at a pitch attitude of 4
degrees results from the manner in which the air bag skid forces and
moments acting on the vehicle are affected by pitch angle. As pitch
angle increases, initial bag-ground contact area is reduced so the
effective bag spring rate is lower, result ing in lower force. However,
as pitch angle increases the bag—ground force moment arm relative to the
vehicle center of gravity increases and the moment acts for a longer
period of time resulting in higher vehicle pitch—over rates. For this
particular vehicle configuration , these counter trends reach a minimum at
a pitch angle of about 4 degrees. Combinations of landing impact pitch
angle and sink rate to the left of those envelopes will result in peak

air vehicle loads below the load l imit. A line defining the mean l anding

approach trim conditions has also been plotted in Figure 55. These mean
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trim conditions were taken from Fi gure 14 shown in Paragraph 1.b. Air
turbulance and wind gusts will cause the actual touchdown attitude of the
air vehicle to be perturbated from these mean conditions. This can be
described as a wide band centered on the mean conditions. According to
MIL-A—8863A (Reference 5), the standard deviations for touchdown pitch
and sink rate are 2.25 degrees and 1.33 ft/sec, respectively. If 2~
conditions are used to define the design conditions , the air vehicle sink
rate must be less than 1.24, 4, and 6.5 ft/sec at touchdown for
satisfactory performance with load limits of 6, 8 and lOg, respectivel y.
Ground effects which tend to slow the vehicle rate of descent at
touchdown, will permit a greater sink rate during approach but the
magnitude of this effect was not known . Therefore, it was not considered
in this estimate of the trinined sink rate limit. From F i gure 14, sink
rates of 1.24, 4, and 6.5 ft/sec are achieved when the glide slope ang les
are 0.3, 1.0 and 1.7 degrees, respectively.

In general , these mean touchdown trim conditions of pitch ang le = 4.25
degrees, sink rate = 1.24 ft/sec and glide slope ang le 0.3 degrees for
the 6g l imit condition are very restrictive. Therefo re, an effort was
made to modify the air bag system design so the 6g load l imit line on
Figure 55 would move to the ri ght, but little success was achieved since
the most influential desi gn variables were already at their limits .

A desi gn change that may improve system performance would be to change
the bag shape from circular to eliptical to achieve greater stroke with
reduced contact area. The EASY A i r Bag Skid model was developed for
an alysis of circular cross sections only so el iptical shapes were not
investi gated. Restricting the bag width to achieve greater stroke
without increasing foot print area is a technique used in design of
imp act attenuation bags such as those used on the B-i bomber crew escape a

capsule.

After an air bag size had been established based upon the three DOE
longitudinal simulat i ons, six DOE simu l ations were performed to verify
the l ateral stability of the recovery system during l anding. These
simu l ations were made with and without the arrestment system and included
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approximatel y the first three seconds after landing impact . Figures 56
through 58 show that the air vehicle is directionally unstable when it
l ands without arrestment. Roll and yaw angles begin diver ging less than
one second af ter touc hd own , and air vehicle loads rapidly increase

because of this unstable mot i on. Resul t s  of an id en ti cal l an di ng
simulation with arrestment are shown in Fi gures 59 and 60. These resu lt s
Show that the arrestment system gives the air vehicle directional

stability, but the peak loads on the air vehicle are well over its 6g
load limit. Landing impac t loads comb i ned with arrestment loads result
in a peak load of approximatel y 20g on the air vehicle. Based upon these
resu lts, the arrestment system desi gn var i ables were modified to reduce .4

the peak arrestment l oads. Water twister damping coefficient , tape drum
radius , and tail hook length and l ocation were the principal desi gn
var iables to be adjusted. However, if the peak arres tor loa ds occur
simu l taneously with the l anding impact loads, the resul ts were sti ll
unacceptable. Each of these events must occur far enough apart so that
the loads due to each do not occur simultaneously.

The previous results for the unarrested landing indicate that the air

vehicle can be expected to remain directional ly stable during the first
second after impact. Also , these simulations were carried out with the
air vehicle control surfaces fixed in their landin g approach trim
positions. In reality , the control surfaces would be active during the
first few seconds after landing impact, and because of the high air
speed, they will be capable of controlling the air vehicle direction and
heading until Its speed has reduced by about 50%. Therefore, the
recovery operations can be planned such that touchdown occurs prior to

cable engagement. Arrestor system parameters are listed in Table 12.

(b) Boeing ARPV with ACRS a

The basel i ne ARPV with the ACRS installat i on is shown
in Figure 23. This fi gure shows a cool gas generator supp lying primary
flow to the trunk ejector. However, the math model used in the
simu l ations only included the ejector component since it is the dominant
component of the air suppl y system. The dynamic characteristics of

primary flow ducting, valves and the cool gas generator are not
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significant in these l anding simulations because ejector back pressure
does not effect primary flow.

The original air cushion trunk used in the simulations was 120 inches

l ong and 30 inches wide. The trunk length being defined as the
longitudin al distance between the most forward attachment point and the

most aft attachment point .’ The trunk width being defined as the lateral
distance between outboard attachment points. Figure 61 shows the

principal dimensions ‘of th is trunk instal led on the air vehicle. The
sectional shape of the trunk varies as trunk pressure, cushion pressure ,
and air vehicle hei ght change. These geometric relationships are
determi ned by program EASY and are shown in Figures 62 through 65.

As with the air bag skid system, the touchdown initial conditions for

these simulations were based upon MIL-A—8863A (Reference 5) and the air
vehicle mean l anding approach trim conditions , as shown in Table 6 and

Figures 12 and 13. The stability derivatives for the air cushion trunk
shape are slightl y different than those for the air bag skid shape ,

therefore the attitude of the air vehicle when trinred for a given glide
path and sink rate is also slightl y different. These are discussed in

Paragraph 1.b , Boeing ARPV Inf l ight Simulation. All control surfaces
were fixed at their trim positions during these l anding simulation s,
unless otherwise noted.

Ana l ysis approach was the same as for the air bag skid system. One

second dura ti on , three DOF l anding simu l ations were made to determine
peak impac t loads and minimum clearances for alternative trunk designs
during realistic l~nding conditions. From results of these studies, a
trunk design, giving satisfactory performance was selected.

Various trunk sizes and air supply system designs were investi gated.
Trunk length was varied between 120 and 160 inches. Because the air bag

skid simulations showed that an increased trunk width was not necessary,
such design variations were not investi gated for the Boeing vehicle with
ACRS .
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The design var iables investigated during these simulations to improve
ACRS landing performance included trunk flow requirements , rel i ef val ve
crack i ng pressure , initial trunk pressure at touchdown , di stance between
the trunk center of pressure and the air vehicle center of gravity,
addition of a cushion vent to reduce cushion pressures, use of the
e levons to reduce pi tch rates and max imum pi tc h angles at landing impact ,
and control of the ejector primary pressure and flow.

The flow requi rements for t hi s air cus hi on trunk are more compl ex than
those for the air bag skid system because the forward one—third of this
trunk is lubricated. Anal ysis determined that different steady state
pressures and flows are required before and after landin g impact. This C

implies that control of the primary ejector pressure and flow are
needed. Different trunk flow requirements would al so exist if the trunL
leakage had increased due to damage sustained during a mission. The
controller would sense trunk pressure to control primary ejector pressure.

Resul ts from these simulations indicated that a trunk length of 13811

gives satisfactory performance. Results from several simulations which

varied the sink rate and pitch angle of the air vehicle at touchdown are
shown in F i gure 66. PoInts on these curves where the 6, 8, and lOg load
l irr1~t l i nes are crossed were again plotted and results are shown in
Fi gure 67. Fi gure 67 defines a 6, 8, and lOg load limit constra int
envelope for the air vehicle pitch angle and sink rate at touchdown.
These curves follow the same trends as that shown for the Boeing vehicle
with an ABSS which was discussed earlier .

A line defining the mean trim conditions for the Boeing ARPV with its
ACRS dep loyed is also shown. All combinations of touchdown sink rate and
pitch angle to the left of the envelopes wil l result in satisfactory
l andings . When the statistical char acteristics of touchdown conditions
are cons idered , a design touchdown condition can be specified. Th i s
condition is shown as point * on F i gure 67 for each of the three load
l imits specified . A clearance constraint envelope is also shown in
Fi gure 67 , but it is not an active constraint for the shown trim
conditions. Figure 68 shows more clear ly that longitudinal clearances
are not a problen for this trunk design .
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Simulations were al so made to determine the feasibility of using the air

C vehicle control surfaces to reduce landing impact loads. Peak impact

loads occur in the direction of the air vehicle Z body axis.

Acce lera ti ons alon g thi s ax is are cause d by a com bi na ti on of forces
acting along the Z axis and two cross products , UXQ and VXP , where:

L J= Vehicle x axis veloc i ty
= Vehicle pitch rate

V = Vehi cle y ax is veloc ity
P = Vehi cle roll rate

The V an d ~ rates are essent i all y zero for all touchdown conditions.
Forces along the Z axis are primarily the aerodynamic l ift, trunk loa ds,
and the air vehicle weight. For this air vehicle , the UXQ cross product
is a major contribution to peak impact loads. This air vehicle l ands at
a rather hi gh speed of 130 knots, and because it normall y lan ds in a
nose-up attitude , negative pitching moments occur when the aft end of the
trunk contacts the ground. These pitching moments combined with the
rather low pitching moment of inertia result in hi gh pit ch accelerati ons
and rates during l anding impact. The elevon control surface can be used
to increase pitch damping to reduce these pitch rates and the
corresponding impact loads. Simulati ons were performed which used the
elevon as a pitch damper and results indicated that this can be effective
in reducing the peak landing impact loads. The effectiveness of this
method is l imited by the maximum available elevon rate. The distance
between the trunk center of pressure and the air veh i cle center of
grav ity was also varied during these simulations to determine its effect

on land ing performance. Figure 69 shows that the minimum fuselage to
ground clearances are not affected significantly by variations in this
distance , but the peak l anding impact load has a definite tendency to
decrease as the trunk Is moved further forward on the fuselage. This

reduction in peak l anding loads is due to the decreased pitch i ng moment
arm between the aft end of the trunk and the air vehicle c.g. A reduced
moment arm reduces the negative pitch moment at Impact, which reduces
pitch rate, i5. The cross product Xc i, a principal component of the peak
landing Impact load, is therefore reduced.
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After the most si gnificant results from the three DOE simulations were
obtained , six DOF simulations were performed to check the lateral motion
and directional stability of the recomended trunk design. Suction
braking was al so simulated .

The effectiveness of suction braking was analyzed for the Boe i ng ARPV
w i th t he ACRS installat i on for both wet and dry runwa y con di t ions.
Results are shown in Figure 70. This anal ys i s inclu ded t he effe ct of
aerodynamic lift and drag forces and engine idle thrust. The Boeing ARPV
stopping distance is approx imatel y 2000 feet with its engine operating at
idle thrust, when the runway is dry and no suction braking is used. With
a wet runwa y, the engine idle thrust of 300 pounds force is greater than
the retarding friction force for the air vehicle so the stopping distance
becomes indefinite. The effect of reducing the idle thrust is shown in
the figure. Even with the engine shut off, the air vehicle takes 4000 ft
to come to a complete stop on a wet runway with no suction brak i ng. This
ana l ysis indicates that suction braking is necessary to stop the
unarrested air vehicle within a satisfactory runout distance. Also , the
steepness of the curves i n F i gure 70 indicates that just a small amount
of suction brak i ng makes very significant reductions in runout distance.
A cushion pressure less than —0.75 psig will give satisfactory
performance. This results in a wet runway stopping distance of less than
3000 feet.

( 2 ) Roc kwe ll ARPV (Inelas ti c) Lan di ng S imu l ati ons
(a) Roc kwel l ARPV w i t h ABSS

This confi guration uses two air bag skids and an
arrestor hook for recovery of the air vehicle. Figure 27 shows the
initial instal l ation . The bags are mounted on dep l oyable doors which
i nc rease the vehi cle groun d clearance and give the system a wide stance.
An al terna te arran gement, bags stowed un der doors was studi ed for the
Roc kwel l vehicle with ABSS as well as with ACRS. However, early analysis
of this arrangement showed that the excessive trunk volume resulted in
unacceptabl y low spring rate and damping characteristics. Therefore , it
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was dropped from further consideration. The initial bag design to be
evaluated was 120 inches long. Fi gure 71 shows the program EASY model of

the bags. This math model divides each bag into six elements whose
motion is independent of the adjacent elements. The bags are 26 inches
i n di ameter when out of groun d effect and connect to the su pporti ng doors
alon g a chord line .

Each bag uses an ejector nozzle for inflation . The bags do not use air
lu br i cati on since an arres tment system is used for stoppi ng whi ch also
gi ves the vehicle directional stability. Therefore, the princi pal flow
deman ds occur dur ing inflation and just after landing impact when the air
vehicle rebounds and air lost through the relief valve must be repl aced.
Eng ine bleed air is used as the primary gas source for the ejector
nozzles. The TD—530 ejector nozzle was modeled and used in the

simulations. Relationships between bag dimensions , air vehicle hei ght,
and trunk-to-ground coefficient of friction are shown in Fi gures 72
through 74.

The first series of three DOE simu l ations were carried out to determine a

satisfactory bag length. Results in Fi gure 75 show that for bag lengths
l ess than 150 inches, the forward end of the fuselage hit the ground.
Aft fuselage clearance was satisfactory for all bag lengths from 120 to
160 inches. A bag length of 160 inches was selected as a suitable length
and was used in the remaining simulations.

The second series of three DOF simulations were used to investi gate those

design parameters which affect the peak landing impact loads. Initial
bag pressure, relief valve des ign, bag center of pressure relative to air
vehicle center of gravity, and the air vehicle attitude at touchdown were
investigated. Previous results indicated that the peak impact loa ds are
not s ign if icantly affec ted by chan ging the bag length , as shown in Fi gure
75. Figure 76 shows how peak impact loads and minimum clearances vary
with sink rate and initial bag pressures. The minimum practical bag
pressure Is approximately 1.0 psig. If the bag pressure is less than
this during lan di ng approach , the bag may deform or flutter due to
aerodynamic loads acting upon It.
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With an initi al bag pressure of 1.0 psi g and a relief valve cracking
pressure of 1.1 psi g, another series of simulations were performed which
var i ed the air vehicle attitude and sink rate at landing imDact. Minim um
clearances and peak accelerat i on results from these simu l ations are shown
in Figures 77 and 78. Forward and aft fuselage clearances were
satisfactory for a l l  of the cases inves ti gated. Figure 78 shows that the
4g l oad limi t was exceeded for some of the large pitch ang les and siflk
rate cases. Points on Figure 78 where the 4g load limit line is crossed
were plotted again in Fi gure 79 and show a 4g load limit constraint
envelope for pitch angle and sink rate combinations. This curve does not
have the same characteristic shape as that for the Boeing vehicle with
ABSS , rather the allowable rate of sink continues to decrease with
increasing pitch angle. Landing impact conditions which lie to the lef t
of the envelope will result in acceptable landings , those to the ri ght of
the envelope will violate the load limit constraint. Fi gure 79 also
shows the mean trim conditions for the air vehicle when approaching the
runway at 100 knots and during its fl are maneuver which reduces its
airspeed to 80 knots just before landing impact. These are mean trim
conditions which will be perturbed by wind gusts and air turbulence. The
results show that with a flare maneuver , assuming a 2a condition , the
maximum sink rate is 2 ft/sec. If no flare maneuver is used , the
allowable sink rate is about 6 ft/sec.

(b ) Rockwe l l ARPV w i t h ACRS
The initial air cushion recovery system installation

for the Rockwell ARPV is shown in Figure 24. As w i t h the A BSS
instal l ati on for the Rockwel l vehicle , deployable doors are used to
support the trunk. The trunk is 108 inches long and 60 inches wide.
Fi gure 80 shows how the trunk was divided into 16 different elements for
modeling with program EASY. The forward one-third of the trunk is

lubricated to reduce its coefficient of friction and increase its
directional stability during slideout when suction braking is used for
stopping. Fi gures 81 through 84 show program EASY results describing the
rel ationship between trunk dimensions , air vehicle hei ght , and trunk and
cushion pressures.
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Possibl e air sources for this trunk include ejector nozzles and shaft

driven fans; both were considered in the simulations. Since the ACRS
uses lubr ica ti on flow , the peak air flow rate requirements for this
system are greater than those for the ABSS instal l ation.

In itial three DOF simu l ations were made to investigate effects of
variations in trunk dimensions. Results from the first simulat i ons using

the baseline trunk shown in Figure 24 indicated that the trunk was too
stiff. The trunk steady state pressure at landing impact was approxi-
matel y 1.0 psig and the relief valve cracking pressure was sli gntly
greater than this , but the peak impact loads were approximately 4.4g
which is greater than the air vehicle 4g l oad limit. To reduce these
peak loads, the trunk meridian dimensions were changed to reduce its
footprint area, and thus its stiffness , during landing impact. Fi gure 85
shows the dimensions for ACRS trunk no. 2. A l anding simulation under
the same conditions using this trunk resulted in a peak impact load of
3.8g. The minimum air vehicle to ground clearances were reduced by two

F to four i nches, but were still adequate.

The next series of three DOF simulations investigated how var i ations in
the air vehicle attitude and sink rate at touchdown affect the peak
impact loads and minim um air vehicle—to-ground clearances. Results for
these s imulat i ons are shown in F igures 86 and 87. Points in Figure 87
where the 4g load l imit was crossed are plotted in Figure 88 to defi ne a
4g load limi t constraint envelope. This curve has the same character-
istic shape as that for the Rockwell ARPV with ABSS . Combinat ions of
pit ch angle and s i nk rate to the right of thi s envelo pe at landi ng impact
will result in unacceptable l andings. Mean trim conditions for this air
vehicle with the trunk deployed are al so shown in Figure 88. In this
case the allowable sink rate is 5 ft/sec for the 20 mean trim condition
with flare.

Suction braking was also investigated for the Rockwel l ACRS. Figure 89
shows the results for various cushion pressures and runway conditions.
Threse results show that a smal l amount of cushion suction is very
effective in reducing the landing runout distance on a wet rUnway. The
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change is not as apparent for a dry runway. Also , ground spoilers will
reduce the wet runway runout distance by several hundred feet. These
results show that a cushion pressure of —0.50 psi g will reduce the
stopping distance to 1500 feet when ground spoilers are used and to 1800
feet without ground spoilers .

( 3) Roc kwell ARPV (Elas ti c) Lan di ng S imula ti ons
The IACS con fi gurat i on uses an elastic trunk that is sized

for the takeoff gross weight of the air vehicle. The elastic trunk is
mounted on deployable doors as was the ACRS trunk to gain the required
ground clearance for the vehicle. The relaxed size of the trunk is such
that it fits ti ghtly against the external surface of the doors when they
are stowed against the fuselage. When inflated , the trunk expands to the
size required for satisfactory air cushion performance through proper
selection of the stress—strain relationship for each element of the trunk.

In this case, the entire trunk footprint area is lubricated by nozzles
around the periphery of the trunk to minimi ze ground friction for
takeoff. Because of this lubricat i on provision , the IACS requires a hi gh
air flow rate to the trunk , the trunk drag does not have a stabilizing
effect on the vehicle , and the stopp ing di stance becomes excess i ve.

To overcome these prob l ems , friction pads must be added to the trunk
alon g with provisions in the air suppl y system for reducing the cushion
pressure to enable friction pad contact. An alternate approach is to use
an arrestment system. The air suppl y system in this case was assumed to
be a shaft driven fan with power supplied by the engine accessory drive.

Further discussion of this IACS is presented in Section 11.3 , Takeoff
Simulation and Anal ysis.

Initial simulation s using the inelastic trunk model (program EASY

Component TK) invest i gated several variations in trunk dimensions.
Howe ver , the elastic trunk mode l (EASY Component TS) is much more comp lex
than the inelastic model , and the user cannot directly input tne trunk
size. It is an anal ysis tool rather than a preliminary desi gn tool in
that trunk characteristics must be previously def i ned for effective use
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of the component model. As a result , investi gat i on of a desired tr’ink
size requires a trial-and—error process of inputting trunk material
l oad/deflection curves until the output trunk dimensions match the trunk
dimensions desired.

Due to the time involved in obtaining the desired trunk dimensions onl y
one elastic trunk size was investigated. This elastic trunk IACS was
evaluated at various landing and takeoff condition s but the trunk and
cushion parameters, except for relief valve cracking pressure , were held
constant to avoid chanqing the trunk size.

Figure 90 shows the trunk size investigated. The overall trunk length is
160 i nches , the width is 60 inches and the pressuri zed meridian length is
59 inches. The trunk was divided into 16 different elements and modeled
with program EASY. Figure 91 shows the trunk material load/deflection
curves which produced the trunk size for a steady state trunk Dressure of
16.2 psia.

F
The same approach was used as in the anal ysis of the other landing
simulat i ons. First , a ser i es of th ree DOF s imula ti ons were made to
determine the effects of variations in the air vehicle attitude and sink
rate at touchdown. No arrestment or braking was included in these simu-
lations. Figure 92 shows the ground-to-structure clearance ~s a function
of pitch ang le at a sink rate of 11.1 ft/sec. The results indicate the
ground-to-structure clearance is not limiting even at the worst sink rate
condition at touchdown having a maximum probability of 3a. This is due
to the fact that the trunk is sized for the takeoff condition so i t  is
more than adequate for landing.

Fi gure 93 shows ~he peak imp act loads as a function of sink rate and
pitch ang le. Points in Fi gure 93 where the 4g load limit was crossed are
plotted in Figure 94 to define a 4g load limit constraint envelope.
Combinations of pitch angle and sink rate to the ri ght of the envelope at
l andin g impact will result in unacceptable landin gs.

The acceptab~e region of Fi gure 94 is much smaller than the acceptabl e
—eg ions of the Rockwell vehi cle with the ACRS . This is in part due to
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the fact that the trunk size was not optimized but , to a larger extent ,
to the fact that the trunk was sized for the takeoff gross wei ght of the
aircraft.

Simulations with six DOF were performed in which the relief valve

cracking pressure was varied. The air vehicle was simulated while
landing without arrestment at mean touchdown conditions. Fi gure 95 shows
the impact of relief valve cracking pressure on ground-to—structure
clearance and peak impact loads. The results show that minimi zing the
relief valve cracking pressure is important to achieve acceptable loads.
The trunk size and pressure are overriding factors. Changes in trunk
pressure could not be investigated because of the nature of the elastic
trunk model.

A ser ies of s i x DOE s imul a ti ons were perfo rmed i n whi c h t he ai r veh i cle
was arrested. A comparison between arrested and unarrested landings at
the mean touchdown conditions was performed. The results in Fi gures 96
and 97 show landing with and without arrestment, respectively. These
results indicate that the peak load is hi gher with arrestment (5.5g with
arrestment compared to 4.7g without) but the difference is not as
dramatic as was indicated in simulation of the Boeing vehicle with ABSS
(Figure 59).

Stopping distance for the Rockwell vehicle with the elastic trunk IACS

with brake pags was estimated to be the same as that of the Rockwell
vehicle with ACRS and no suction braking. This estimate is based on the
assumption that the brake pads are located in the aft two—thirds of the
trunk , the forward one—third remains lubricated for directional
stability, and the air cushion is vented. The stopping distance , from
Fi gure 89, is approximatel y 700 feet on a dry runway and about 5000 feet
on a wet runway assuming the engine at idle thrust, ground spoilers
deployed and a brake—pad-to—runway friction coefficient of 0.2.

c. Lan di ng S imula ti on Conclus ions
Throu ghou t these anal yses and simulations of the different

lan di ng syst ems , the mos t restr i cti ve constra int to achi ev ing
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satisfactory performance was the design landing load l imit based on wing
strength load factor.

The depth of the orig inal ARPV studies did not extend to structural
s i z ing so onl y a struc tural we i ght allowance is involved. The predicted
8g landing for the Boe i ng ARPV s hould not affect the struc tural we i ght.
The wings are quite small and have little inertia loading. The fuselage
is l oaded by the skids which are producing the l oad factor so the actual
i nternal loads should not increase and the wei ght should not change.

The Rockwell ARPV carries its payload on the wings and is therefore
susceptible to landing load factor l imitations. The landing impact
anal ys i s i nd i ca tes a peak loa d fac tor of 4.0. Assuming the wing strength
to be adequate for the 5g maneuver condition with a 1.25 safety factor,
the wing will sustain a 4.lg l anding impact without exceeding the factor

of safety of 1.5 app licable to launch and recovery. The fuselage of the
Rockwell ARPV should be strong enough to sustain the 4Mg since the l oads
are distributed along the fuselage rather than at discrete gear
attachments as in the proposed ARPV .

One of the prin cipal components in the equation defining landing impact

loads is the UX~ cross product. This is basically a cross product of air

vehicle forward speed and pitch rate which results in an acceleration
along the air vehicle Z body axis. When looking at the trunk and air bag
skid instal l ations on the Boeing ARPV and t he Rockwe l l ARPV , three items
which influence this cross product stand out.

F i rs t of all , an ai r cush i on trunk (or ai r bag s kid ) extends qui te a
distance aft of the air vehicle center of gravity. This most aft end of
the trunk is the first part to contact the ground during a normal nose up
l anding. This imparts a negative pitching moment to the vehicle which

result s in ra ther lar ge negat ive ~ values dur ing l anding impact. A
conventional landing gear has the main gear located very close to the air
ve hi cle center of gravity, therefore large negative pitch rates do not
tend to develop when landing.
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Secondly, two air vehicles have previousl y flown and landed successfull y
w i t h an air cus hi on trunk Installat ion , the LA—4 and the CC-115. The
LA— 4 touchdown speed was about 50 knots, and the CC—115 has l anded at
about 80. knots. The Boeing ARPV lands at 130 knots and the Rockwell ARPV

lands at 80 knots. Therefore , t he touch down speeds and k inet ic ener gy of
the ARPVs is as great or greater than the vehicles wh i ch have successful
landed with air cushion trunks.

Thirdly, these small RPVs have a low pitching moment of inertia.

Therefore , this hi gh speed combined with the trunk geometry and low
i nertia tend to produce hi gh pitch rates resulting in high impact loads
at touch down .

These hi gh impact loads resulted in severe restrictions on the vehicle
approach conditions to the point that in some cases it would not be
practical to operate with the landing load factor limits established for
the two vehicles that were analyzed.

The Boe i ng and Roc kwell ARPV s w ith c i rcu l ar cross sec ti on a i r bag sk id s
are l imited to a sink rate of 4 ft/sec with normal vehicle pitch ang les
at touchdown . Results of the study indicate that this limit could be
improved by changing the bag shape to reduce the foot print area.
However , anal ys is of other than c i rcular cross sec ti on bags was beyon d
the capability of the simulation model.

Cable arrestment dur i ng touchdown cause the l anding impact load l imits to —

be excee ded un der al l practical landing conditions so that touchdown must
occur prior to cable—hook engagement. However, arrestment is necessary
to stabilize the veh ic le  after touchdown.

The rate of sink limit for the Boeing ARPV with ACRS is about 5 ft/sec

and that for the Roc kwell ARPV i s 7.5 ft/sec at normal ve hi cle touc hdown
p i tch attitudes. The rate of sink l imitat i ons on the Rockwell vehicle
with an elastic trunk IACS were unacceptable under touchdown pitch
attitudes above 4 degrees. However, t hese resu lt s were i nconclus i ve
because adequate trade study of the IACS desi gn parame ters was not made.
The study was limi ted by the comp lexity of the simulati on model. Both
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the Boei ng and the Rockwell vehicles were stable during slide out with
the ACRS when the forward one-third of the trunk is lubricated.

Suction braking is required to achieve reasonable stopping distances with
the ACRS on wet runways. The Boeing vehicle with PICRS on a wet runway
will not stop because the engine idle thrust exceeds the braking force.
Suction braking reduces the wet runway distance to about 3000 feet.

The Rockwell vehi cle wet runway stopping distance with ACRS without
suction braking is about 5000 feet if ground spoilers are deployed.

Suction braking reduces the distance to about 1500 feet.  Stopping
distance with an integrated air cushion system is equivalent to that of
the ACRS without suction braking, that is , about 5000 feet on a wet
runway.

Achi eving adequate ground clearance with the ABSS or ACRS on a vehicle
such as the Rockwell ARPV that was designed for conventional l anding gear
required extra complication of the system. In this case, doors were
added to provide flat surfaces upon which to mount the trunks. These
added extra weight and complexity that would not be required if the
veh icle had been ori gi na l l y des igned for ACRS.

3. TAKEOFF SIMULATION S AND ANALYSIS

The objective of this part of the study was to evaluate the
performance of several different takeoff or launch systems by using
program EASY . ~ir cushion takeoff systems were investigated for the
Roc kwel l ARPV . The des i gn var i ables of each takeoff system confi guration

~ere i nves ti gated to determine their effects on takeoff performance , to
identify conditions under which satisfactory performance is achieved , and
to arrive at an optimum confi guration.

The simu l ations were to include takeoff roll , air vehicle rotation 1
plat~orm ~r trunk release , and clirnbout for each confi guration.

The conf i gurations anal yzed included two i ntegrated air cushion systems
(IACS) concepts and an air cushion launch platform. One of the IACS

153



concepts was an inelasti c trunk system where the trunk could be retract-
able to stow it in fli ght and extend it for landing or it could be

jettisonable and used for the takeoff onl y. The second IACS concept was
an elastic trunk system in which the trunk is stowed during fli ght by
deflating it and al l owing it to collapse against the air vehicle fuselage.
The general approach followed in this anal ysis was similar to that used
for the landing simulations. Math models of the takeoff or launch system
components were constructed for use in program EASY by first developing

prelimin ary configurat i onf of the systems including the air cushion trunks
and air suppl y systems. These math models were then used in several

three and six degree—of—freedom simu l ations which showed the variations C

to the touchdown initial conditions and the system desi gn variables.

a. Development of Math Models

The air cushion takeoff systems consist of several interacting
components. The principal components which dominate the dynamic behavior

of the systems were included in the system math models. Standard program
EASY subroutines were available for all of these components but input

parameters describing each particul ar piece of hardware had to be defined.
The development of the air vehicle models was described in Paragraph 1.
This section described how air supply components were defined for
inclusion in program EASY .

(1) Air Suppl y Systems
Air suppl y systems investi gated for both takeoff and

recovery air cushion systems were discussed in Paragraph 2.a (4). The

required air flow rate for takeoff is much hi gher than for recovery
because the takeoff trunk is larger , a hi gher cushion pressure is
required , and the entire trunk footpr i nt area must be l ubricated to
reduce sliding friction. The shaft driven fan system with fan character-
i s ti cs i s s hown in  F igure 42 was chosen for the Rockwell ve hi cle w i t h the
IACS. This system is capable of providing the large takeoff flow and is
compatible with the engine accessory drive if the drive pad is operated
under overload conditions. The overload capacity of the engine access-
ories drive pad P-2 is 84 hp which is near the required power for the
IACS fan. The Roc kwe ll ve hi cle en gi ne does not have
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sufficient bleed air capac i ty to power a turbo fan . Also , a turbo fan is
sensitive to back pressure which can induce oscillatory modes in the air
cushion system. Therefore, a turbo fan was not used in this study.

(2) Air Cushion Takeoff Trunk

(a) Inel as ti c Trun k IACS
A preliminary study was made to investi gate the

parameters which affect the dynamic characteristics of an air cushion
takeoff trunk constructed of inelastic materials. The trunk was sized
for the takeoff gross wei ght of the ARPV. Desi gn relationships were
developed and those input parameters required by program EASY were
specified. Air vehicle constraints outlined in Paragraph l.a were
cons’dered in confi guring the trunk. Lubrication area, porosity, air
flow rate and friction force relationshi ps were derived . The trunk
parameters are listed in Table 15. This trunk could be used as a one
trunk (retractable) or a two trunk ~jettisonable) configuration . Trun k
attachment and stowage details were not considered during the dynamic
simulation .

( b ) Elas ti c Trun k IACS
Another IACS concept that was simulated was the

elastic trunk system.

Onl y one elastic trunk size was investi gated , as stated in Paragraph
2.b(3), due to the time involved in obtaining the desired trunk
dimensions. The takeoff conditions dictated the trunk size and air flow

arrangement. The trunk size is shown in Fi gure 90 and parameters are

listed in Tahle 15.

The ~reliminary confi guration of the elastic trunk was developed as
follows. Using the stress/strain characterist ics for the CC-u S ACLS
Trunk Composite material ~t was determined that the desi gn elongat i on for

the trunk should be approximately 300%. Figure 35 is a front view
drawing of the Rockwell vehicle with the inelastic trunk installed. The
trunk cross section perimeter is approximatel y three times the distance
between the trunk attachment points on the fairing. Therefore , an
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TABLE 15

BASELINE ROCKWELL IACS DIMENSIONS AND PARAMETERS

Rockwell IACS
Parameters (Inelastic and Elastic )

Trunk Coefficients of Friction
(Lubricated around entire periphery) 0.2

Trunk Porosity .0282

Area of Trunk Lubrication
Width of Perforated Area (inches) 10.0
Periphery length (inches) 366

Flow Discharge Coefficients
CDGAP (gap between trunk and ground) 0.9
CD1 (free portion of trunk) 0.6
CD2 (flattened portion of trunk) 0.2
CDA (relief value) 0.9

Trunk Damping Coefficient (lbf-sec/in 3) 0.02

Trunk Dimensions
A (horiz. distance between fuselage attach points , inches ) 22
B (vert. dist ance between fuselage attach points , inches) 7
LU (trunk meridian length , inches) 69.1
Number of trunk elements per side 11
Distance between trunk center of pressure and vehicle C. G .(inches~ 10
~ver 31l length (inches) 160
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elas ti c trunk moun ted i n the same manner woul d have approx imatel y the
same shape as the inelastic trunk.

The fairings on which the trunk is mounted are required for an elastic or
an inelastic trunk for this particular vehicle geometry to achieve the
required wing tip pod groun d clearance . These fairi ngs were added as a
means of installing an air cushion system on this vehicle without
redesi gn of the basic air vehicle , which was beyond the scope of this
study -

The air suppl y systems and trunk lubrication arrangement was assumed to
be the same as that for the inelastic trunk.

(3 ) Launc h Pla tform
The launch p la tform conce pt that was simula ted i s shown i n

Fi gure 98. This concept was app l i ed to the Roc kwell ARPV . The recovery
mode for the air vehicle was assumed to be the ACRS . Preliminary
confi guration anal ysis included consideration of pl atforms with and
without thrust eng ines and platforms with multiple vehi cle capability.
Air cushion trunk variations such as mult iple trunks and
compartmenta lization were evaluated . Platform arrestment methods
considered included suction braking and an external cable or net system.
The confi guration shown in Fi gure 98 was selected for its simp licity, and
l ow overall cos t. T hese tra des are di scusse d further i n Sec ti on III.

This launch platform concept consists of a flat , honeycomb core platform
to which the trunk , air supply equipment and air vehicle supports are
attached. The trunk is sized to provide good vehicle pitch and rol l
sta6ility during the t~~cnff run. The air vehicle is supported by a
forward Support link and two aft support links that engage the vehicle
just aft of the center of gravity. The air vehicle rotates about the aft
support link attachment point at platform -air vehicle separation .

The air cushion air suppl y system includes a shaft driven fan powered by
an APU. The fan character istics shown in Figure 42 were used in this
simulation. The air cushion trunk parameters are listed in Table 16.
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TABLE 16

BASELINE ROCKWELL ACLP DIMENSIONS AND PARAMETERS

Param eters ~1cp

Trunk Coefficients of Friction
(Lubricated around entire periphery ) 0.2

Trunk Porosity .0186

Area of Trunk Lu bri ca ti on
Width of Perforated Area (inches) 20.0
Periphery length (inches) 401

Flow Discharge Coefficients
CDGA P ( gap between trunk and groun d ) 0.9
CD1 (free portion of trunk) 0.6
CD2 (flattened portion of trunk) 0.2

Trunk Damoing Coefficient (lbf—sec/in 3) 0.02

Trunk Dimensions
A (horiz. distance between platform attach points , inches ) 14
B (vert. distance between platfo nn attach points , inches) 0
LO (trunk meridian length , inches) 44
Number of trunk elements per side 13
Distance between trunk center of pressure and vehicle C. G.(inches) 0
Overall length (inches) 155
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b. Takeoff Simu l ation Results
(1) Rockwell ARPV with Air Cushion Launch Platform

The basel i ne launch platform that was initially simulated
is shown -in Fi gure 98. The trunk foot pr i nt len gt h i s 155 i nc hes and the
width is 80 inches. The program EASY model of the trunk consisted of 13
elements per side as shown in Figure 99. Trunk inboard and outboard
attachments are 14 i nches apart , trunk he i ght is 11.9 inches out of

ground effect. Lubrication and other parameters used in the simulation
are listed in Table 16. The simulated air supply system consisted of a
shaft dr i ven fan , with characteristics as shown in Fi gure 42, ducting

from the fan to t he trunk , and the trunk and cus hi on.

In itial simulations of the vehicle in ground roll were three DOF. The
intent was to evaluate vehicle stability throughout takeoff roll.
However , as the ve hi cle reached a speed of approx imatel y 100 ft/sec it

became unstable. Figures 100, 101 and 102 show the l aunch platform
simulated in three DOF for ground roll with forward velocity from 100
ft/sec to 125 ft/sec. Fi gures 101 and 102 show the plots of pitch angle
and altitude diverging shortly after the simulation is initiated.

Simi l ar results were experienced during a previous simul3tion of the

J i ndi v i k drone w ith an i nelast ic air cush ion trun k dur ing takeo ff
(Reference 9), and results of that analysis are shown in Figure 103. It
was not determined if this behavior is realistic or is due to some

deficiency in the math model.

Because of the instability, the simulation of the launch platform was not
continued beyond this point.

(2) Rockwell ARPV w i th Inelast ic IACS
The basel ine i nelast ic trun k , shown in Fi gure 104, was

divided into 16 individ ua l elements and modeled with program EASY. This

trunk has a length of 160 inches and a width of 60 inches. Geometr ical
shape of the trunk , which varies with trunk pressure, cus hi on pressu re
and height were determined by program EASY and are simi l ar to those shown
for the ACRS in Figures 81 through 84.
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The same a i r su pp ly system as was modeled for the ACLP was used here.

As in the ACLP study, the Rockwel l vehicle with the inelasti c trunk IACS
was simu l ated in takeoff roll using a three DOF simulation . The vehicle
again went unstable at about 100 ft/sec forward speed. The results were
simi l ar to those shown for the ACLP in Figures 100, 101 and 102.

( 3 ) Roc kwe l l ARPV w ith Elas ti c IACS
The elastic trunk that was simulated is shown in Fi gure

90. The trunk was divided into 16 different elements for modeling in

program EASY. Fi gure 91 shows the trunk material load/deflection curves
which produced the proper trunk size. Lubricat i on and other parameters
used in ths simulation are listed in Table 15. The air supply was the
same as that used with the inelastic trunk IACS .

The vehicle was simulated during the following takeoff conditions:
o groun d ro l l
o rotation

o trunk stowage
o initial climbout

Unlike the takeoff simulations with the inelastic trunk , the vehicle
remained stable through the ground roll. Therefore, the entire takeoff
s equence coul d be s imula ted . Res ul ts of a s ix DOF s imula ti on run are
shown in Fi gures 105 through 110. In this case the ground roll was
simulated from a forward velocity of 50 ft/sec to rotation speed at about
230 ft/sec (Figure 105). Figure s 106 and 107 show that the vehicle pitch
and altitude are stable throughout this region .

Trunk and cushion characteristics are shown in Fi gures 108 through 110.
Parameters shown are trunk pressure , trun k vo l ume , an d cus hi on pressu re,
res pect iv el y. Trun k pressure and vo l ume changes c an be seen at ve hi c le
rotation and at air supply cut off. The cushion pressure changes as
aerodynamic l i f t  increases and finally goes to atmospheric pressure at
liftoff.
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c. Takeoff Simu l ation Conclusions

The following conclusions were drawn from results of the takeoff
s imu 1 at ions:

o Air suppl y power requirements are near the short duration
overload l imits for the accessory drive pad on the Rockwell
vehi cle for the IACS configuration .

o Sufficient bleed air was not available to power the IACS for
takeoff

o The vehicle remains stable throughout takeoff roll , rotat ion,
trunk stowage and initial climbout with an elastic trunk IACS.

o Takeoff simulat ions using an inelastic trunk for the IACS and
ACLP were unsuccessful because of inelastic trunk model
instabilities.

o The elastic trunk EASY model requires modification to be used as

a preliminary design tool.
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SECTION III
PRELIMINARY DESIGN

This task consists of app lying the dynamic anal ysis results to the design
of those confi gurat i ons recommended for further study after the
s imulat i on anal ysis. The basi c airframe designs for the Boeing and
Rockwell vehicles were used with appropriate modifications to incorporate
the results of the dynamic analysis and the requirements of the various
launch/recovery systems.

The confi gurations that were recomended for preliminary desi gn and
cost/performance studies were selected on the basis of results of the
dynam ic anal ysis. Also , an attempt was made to get a complete cross
section of the types of systems that were studied. Including all

combi nati ons of the launch or takeoff and recovery systems that were
simu l ated was not practical nor were all of them satisfactory. The
following confi gurations were included in this phase of the program :

o Boeing ARPV with ABSS and arrestor
o Boeing ARPV with ACRS and suction braking

o Rockwel l ARPV with AC~S and sucti on braking
o Rockwell ARPV with IACS (elastic trunk) and arrestor
o Rockwell ARPV with ACLP

The laurlLh system concept for the Boeing confi gurations is unchanged from
the baseline , a takeoff (RATO) from a zero length launcher .

1. BOEING ARPV RECOVERY SYSTEM CONCEPTS
a. Boeing ABSS Configuration

Both engi ne b leed air and a cool gas generator have been
cons i dered as primary ejector nozzle flow sources for the Boeing ARPV
with the air bag skid system. System design parameters are shown in
Table 17.

Drawing LO—0J86—225 (Figure 111) shows the ABSS installation with a cool
gas generator and ejector inflat i on source. A cool gas generator size of
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5 inches in diameter by 12 inches long provides sufficient flow for air
bag i nflat ion , replacement of air lost through relief valves at landing
impac t, and provision for leakage loss for battle damage to the air bag.
A seven square inch hole was assumed for leakage loss rate calculat ions.

Drawing LO—0J86-226 (Figure 112) shows the Boei ng ARPV with an ABSS and
an engine bleed air inflation source. Bleed air at 59.5 psia and 475 deg
F is used as the primary gas source for the ejector nozzle.

The optimum air bag size was determined from landing simu l ati ons using
program EASY to be 15 inches in diameter and 150 inches long. The air
bags are attached to the air vehicle in prepacked stowage modules.
Figure 113 shows an assembly buildup view of an ABSS module. The use of
folded inelastic air bags or trunks is appropriate for applications where

retraction is not required in fli ght. The dacron/polyurethane material
provides an inexpensive air bag or trunk f or the low pressures

anticipated. It showed acceptable handling qualities during drop tests
of the Navy test specimen when the hard structure was permitted to settle

on top of the colla psed trunk. Polyurethane treads have not been tested
with forward velocity but there is no known objection to them at this

time.

The trunk material in the ABSS concept with a bleed air primary gas
source must be protected locally against the initial blast of 475 deg F

bleed air through the ejector. This can best be accomplished by a
silicone pad attached to the trunk . The trunk is then folded such that

the silicon e pad interfaces with the ejector outlet. An alternate method
to consider is using thick polyurethane as a heat sink at the a~r inlet
port. -

In order to inf l ate the skids the primary flow source, whether from
engine bleed or cool gas generator, requires augmentation by an ejector
nozzle. A flapper valve on the ejector nozzle prevents backflow, so air
bag pressure increases unt fl the folded air bag breaks through the
frangible styrene cover holding it In place . The depth of a scribed line
along the center of the cover determines the necessary breaking
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pressure. The prepacked air bag modules are attached to the bottom of
the fuselage with a riano hinge (cres pin). When the vehicle comes to a
stop after arrestment and the engine is turned off, it will settle onto
the partially filled air bags. Dolly wheels with pneumatic jacking

actuators are then attached to hard points on the vehicle. The vehicl e
is lifted off the ground and a jeep is used to tow it off the recovery
field to a maintenance area where it is readied for takeoff. The used
air bag skid modules are removed and rep laced with new air bag skid
modules. For Boeing P1BSS with cool gas generator , the generator unit
will be removed and repl aced .

Table 18 shows the aircraft installed equipment list for ABSS with a cool
gas generator , which details the changes made to the Boeing baseline .
The vehi cle wei ght increased by 41 pounds due to these changes.

Table 19 shows the aircraft installed equipment list for ABSS with bleed
ai r. The wei ght increase for this confi guration was 32 pounds.

The runway dimensions required for the recovery of the Boeing ABSS
vehicles with arrestment are 300 feet long by 100 feet wide.

b. Boe i ng ACRS Conf i guration
Drawing L0-0J86-227 (Figure 114) shows the Boeing ACRS

instal l ation. Engine bleed air at 59.5 psia and 475 deg F is used as the
p rimary gas source f or the ejector nozzle. Desi gn parameters are shown
in Table 17.

The optimum trunk size , det’,~rmined from landing simulations , is 138
inches long and 30 inches wide. The trunk module is attached to the
vehicle in prepacked stowage modules.

As with the Boeing ABSS bleed air concept , the trunk mater i al must be
protected locall y against the initial blast of 475 deg F bleed air
through the ejector. This is accomplished with a sili cone pad attached
to the trunk , and facing the ejector nozzle outlet.
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TABLE 18

AIRCRAFT IHSTALLED EQUIPMENT FOR BOEING ARPV WITH ABSS WITH COOL GAS GENERATOR

Component Description Quantity Ma terial Incremental Impact

Air Bag Skids (larger than 2 Polyurethane/ +

basel ine) Dacron

Cool Gas Generator (larger 1 . +

than baseline)

Air Bag Storage Module and 2 Al/Sty rene +

Attachment Fittings
(larger than baseline )

Total Impact of
Ins talla tion is
Weight Increase
of 41 pounds .

183



TABLE 19

AIRCRAFT INSTALLED EQUIPMENT FOR BOEING ARPV WITH ABSS WITH BLEED AIR

Component Description Quantity Material Incrementa l Impact

A ir Bag Skids (larger than basel i ne) 2 Polyurethane/ +
Dacron

Engine Modi fications
Engi ne Bleed Port 1 Steel +
Blee d Valve

Air Bag Storage Module and 2 Al/Styrene +r Attachment Fittings (larger than
baseline)

Removal of Cool Gas Generator 1 -

Total Impact of
Ins talla tion is
Weight Increase
of 32 pounds .
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The engine bleed air , augmented with the ejector nozzle is used to
inflate the trunk. A flapper valve on the ejector nozzle prevents
backflow , so trunk pressure increases unti l the fol ded trunk breaks
through the frangible styrene covers holding it in place. The depth of a
scribed line along the center of the covers determines the necessary
breaking pressure. The stowed trunk is contained in a prepacked trunk
stowage module which is attached to the doors and fuselage with a piano
hinge along the sides and quick-release fasteners around the ends.
Braking is provided by trunk to ground friction along the rear two-thirds
of the trunk. The forward one-third of the trunk is lubricated to
improve directional stability during landing slideout.

Suction braking is used to reduce the landing slideout distance. Cushion
suction is provided by a second ejector nozzle, also powered by bleed air.

When the air vehicle comes to a stop after landing and the engine is
turned off, the trunk will collapse and the air vehicle will settle onto
the ground . Cantilevered doll y wheels with pneumatic jacking actuators
are then attached to the air vehi cle forward and aft of the trunk doors.
The air vehicle is lifted off the ground and a jeep ‘is used to tow it off
the recover y field to an adjacent site where it is prepared for takeoff.
The used recovery trunk module is removed and replaced with a new trunk
module.

Table 20 shows the aircraft installed equi pment list , which details the
modifications made to the Boeing baseline to obtain the ACRS
conf i guration. The resul ts of the weight anal ysis for the changes shows
the ACRS to weigh 16 pounds more than the baseline ,

The runway dimensions required for the Boeing ACRS confi guration are 4500
feet long and 200 feet wide. During the first part of slideout tne
flight control surfaces and eng ine thrust provide directional guidance.
However , at l ower speed the control surfaces are ineffective and the
vehicle may drift off-course. Therefore, greater runway width is
required. These dimensions account for suction braking stopp ing
dist ~nces on wet ground with crosswind. The dry ground recovery distance
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TABLE 20

AIRCRAFT INSTALLED EQUIPMENT FOR BOEING ARPV WITH A CRS

Component Description Q,Mantit~y Ma terial Incrementa l Impact

A ir Cus hi on Trunk 1 Polyurethane/ +
Dacron

Trunk Ejector Nozzle wi th Backflow 1 Al —
Check Valve

Rel ief Va l ve 1 Al —

Air Cushion Trunk Storage Module 1 Al/Styrene +
and Attachment Fittings

Suction Braking Ejector Nozzle 1 Al +

Engi re Modifications
Eng ine Bleed Port 1 Steel +
Blee d Valve

Runova l of Arresting Hook 1 Steel -

Removal of Cool Gas Generator 1 -

Total Impact of
Installa tion is
Wei ght Increase
of 16 pounds .
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is 800 feet. Field length and width requirements for each of the
confi gurations are listed in Section IV.1.

2. ROCKWELL A RPV LAUNCH AND RECOVERY SYSTEM CONCEPTS

The confi gurations of the Rockwell ARPV recommended for further study
were the air cushion recovery system (ACRS) with suction braking, the air
cushion launch platform (ACLP), and the integrated air cushion system
(IACS) with an elastic trunk. The basic Rockwell airframe desi gn with
l andin g gear provisions removed , was used with appropriat~ modifications
to incorporate the resu~ts of the dynamic anal ysis and the requirements
of the launch/recovery systems .

a. Rockwel l ACLP (Launch) and ACRS (Recovery)
This conf guratio n uses an air cushion launch platform (ACLP)

for takeoff , and an air cushion recovery system (ACRS) with suction
braking for landing.

The Rockwell ACRS ~~ tal 1ati on is shown in Drawing LO-DJ86-228 (Figure
115). The ACRS trunk shape was determined after several landing
simulations using program EASY. The deployed trunk is supported by doors
which extend and provide a wide surface for the trunk . The use of
structural doors to spread the trunk was proposed in previous air cushion
system applicat i on studies for both the A— 4 a~d AMST installations. In
these cases the doors were also for trjnk protection while on the
Rockwel l ARPV they onl y serve to spread the trunk . The doors deploy when
pneumati c l ocks are actuated and the extension cells are inflated .
Further detail of the trunk door loc k mechanism is shown in Figure 116.
The actuators and extension cells use compressed air from the 2000 psia
pneumatic accumu l ator which is used for eng ine starting and was
desi gnated for landing gear retraction on the baseline vehicl e. A
or~csure of approximately 15 psig is needed in the extension cells.

After the doors extend , the recovery trunk is deployed . Engine bleed air

~t 35 psia and 200 deg F is the primary gas source for an ejector nozzle
used for trunk inflation . A flapper valve on the ejector nozzle prevents
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bac k f low , so trunk pressure increases until the folded trunk breaks
through the frangible styrene covers holdin ’j it in place. The depth of a
scribed line along the center of the covers determ i nes the necessary
breaking pressure . The stowed trunk is contained in a prepacked trunk
stowage module which is attached to the doors and fuselage with a piano
hinge along the sides and quick release fasteners around the ends.
Fi gure 117 shows an assembly buildup view of the ACRS module. Braking is
provided by trunk-to—ground friction along the rear two-thirds of the
trunk . The forward one-third of the trunk is lubricated to improve
direction al stability during landing slideout.

During the first part of l anding slideout , the flight control surfaces
and res id ual engine thrust provide directional guidance. However , when
the ARPV speed is slowed to less than SO knots , the fli ght control

surfaces are not effective. Sufficient runway width must be provided to
accoun t for crossw ind s , which may force the ARPV off-course during its
final slideout phase.

Suction braking is used to reduce the l anding slideout distance. Cushion
suction is provided by a second ejector nozzle , also powered by bleed air.

The basel i ne vehicle camera installations are moved forward into the
former nose whee l well. Thi s reloca ti on prov ides more room for the
ejector nozzle instal l ati ons and helps to keep the air vehicle correctly

balanced after the ori ginal landing gear and fairings are removed.

Two ports exist in the fuselage , which are covered by the doors when they
are up and locked. One port is used to provide clearance for the door
mounted relief valve when the door is closed and is al so used as an air
inlet for the trunk ejector nozzle. The second port is the outlet for
the suction braking ejector. The suction braking ejector installation

di splaces some fue l but there w ill be an overall fuel sav ings due to the
reduced weight and drag of this system relative to the original l anding
gear system.

190



U.)

LU
C)
C)

LU

C)

LUI -

I I >-

O

:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

31Z

191



Table 21 shows the aircraft installed equipment list , which details the
modificat i ons made to the Rockwell bas eline to obtain the ACRS
configuration . Table 22 shows the results of the weight analysis for the
changes. Total vehicle wei ght is 31 pounds less than the baseline. Note
that the ACRS confi guration did not realize the true wei ght savings of
ACL S because the Rockwell ve hi cle was adapted to use ACLS. Th
adaptation required trunk doors and extension cell s which are not
necessary for a vehicle desi gned for ACLS.

The removal of the landing gear and its fairings reduced the wetted area
of the vehicle by 5.9 square feet. The baseline vehicle has a wetted
area of 528.8 square feet, and because the drag is proporti onal to the
wetted area, the drag was reduced by 5.9/528.8 = 1.1%.

The runway dimensions required f or the Rockwell ACRS confi guration are
1600 feet long and 150 feet wide at one end and 350 feet wide at the
other. These dimensi ons account for suction braking stopping distances
on wet ground. The dry ground recovery distance is 300 feet.

When the air vehicle comes to a stop after landing and the engine is
turned off, the trunk will collapse and the air vehicle will settle onto
the deployed doors. Doll y wheels with pneumatic jacking actuators are
then attached to hard points on the vehicle forward and aft of the trunk
doors. Figure 118 shows details of the doll y wheels. The air vehicle is
lifted off the ground and a jeep is u~ed to tow it off the recovery field
to an adjacent site where it is prepared for takeoff. The used recovery
trunk module is removed and replaced with a new trunk module. The used
modul e is inspected , repaired as required , and repackaged for use on
another vehicle.

For takeoff the air vehicle is towed to the takeoff field on the dolly
wheels where it will be mounted on the launch platform carriage , Drawing
LO-0J86—229 (Figure 119). The launch platform ergine is turned off so
its trunk is collapsed under the platform on the ground. Tracks on the
platform allow the air vehicle to be rolled over the platform so it is
positioned above the air vehi cle carriage. The air vehicle is l owered
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TABLE 21

AIR CRAFT INSTALLED EQUIPMENT FeR ROCKWELL ARPV WITH ACRS

Component Description Quan~f Material Incrementa l Impact

Air Cushion Trunk 1 Polyure thane! +

Dac ron

Landing Gear and Fairings -

Trunk Ejector Nozzle wi th Backflow 1 Al +

Check Valve

Cushion Ejecto r Nozzle 1 Al +

Cushion Ejecto r Exhaust Chute 1 Al +

Relief Valve 1 Al +

High Pressure Ducting with Fittings 2 Steel +

High Pressure Flow Control System 1 +

wi th Valves

Hinged Trunk Doors and Attachment 2 Al +

Fittings

A i r  Cushion Trunk Storage Module W I L ~ 1 Al /Sty rene +

Cover and Fas teners

Removal of Arresting Hook 1 Steel -

Low Pressure Ducting with Fittings 2 Al +

Trunk Doo r Extension Cells 2 Rubber +
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TABLE 22

ROCKWELL ACRS WEIGHT ANALYS iS

C~~ponent A Wei ght ( ibs)

Removal of:

Conventional Landing Gear -186

Landing Gear Fairings - 20

Landing Gear Hard Struc ture - 42

Arresting Hook — 25

Addit ion of:

Air Cushion Trunk +116
Trunk Doors & Fasteners + Inflation System +126

Overal l ~. Weight - 31
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onto the carr i age by releasing air from the dol iy wheel jacks , and then
the doll y wheels are detached.

The launch platform is constructed of aluminum honeycomb. An inelastic
heavy duty air cushion trunk is mounted under it. Air to the trunk is
provided by an aluminum block , 80 hp, two—cycle , gasoline eng i ne and a
two-stage axial fan. The engine also drives a small air compressor which
charges a pneumatic accumu l ator. This hi gh pressure source is used by
pneumatic actuators for releasing the air vehicle carriage at takeoff
rotat i on.

Platform brakin g after takeoff, or platform plus vehicle braking during
an aborted takeoff, is provided by a water twister arrestor , as shown in
Drawing LO—D386—229 (Figure 119). The purchase tape passes through a
sheave and is then connected to a steel cable which extends down the
centerline of the runway. The other end of the cable hooks onto a ground
stake so the cable can be pulled ti ght prior to takeoff . Cable gu des
are mounted to the forward and aft ends of the launch platform. During

the first 300 feet of takeoff acceleration while the air vehicle speed is
below 50 knots , the vehicle rudder does not provide effective directional
control. During these first few secon ds , the cable and guides control
the vehicle and launch platform direction . After the vehicle control
surfaces become effective , the forward guide is released and raised from
the cable. When the platform attains the proper speed , the vehicle
rotates and is released. The rear guide continues sliding along the
cable until reaching its end. A fittin g at the end of the cable catches
the slide and the purchase tape begins unwinding from the water twister
tape drum. Appr oximatel y 2800 feet of one—half inch diameter steel cable
would be required. A shock absorber built into the rear cable guide
would reduce the impac t load when it reaches the end of the cable. The
runway dimensions required for launch with ACLP are 2800 feet in length
and 50 feet wide . Table 23 shows the results of the launch platform
wei ght analysis. The total platform weight is 1100 pounds.

The air cushion launch p latform described above was selected after a
preliminary trade study was performed. The advantages and disadvantages
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TABLE 23

ROCKWELL ACLP WE IGHT ANALYSIS

Component Weight (lbs)

80 hp 2 Cycle Piston Engine 180

Fuel Tank & Plumbing 20

2-stage Fan 25

Platform Structure 736

Main Supports 62

Air Cushion Trunk 77

Total Weight 1100
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of the different approaches to implementing the various launch platform
funct i ons were we i ghed as shown in Table 24. C~imp lexity , maintenan ce and
reliability were factors in selecting the concept.

b. Roc kwel l IACS
The other system concept recomended for the Rockwell ARPV uses

an i ntegrated air cushion system for launch and recovery. The elastic
trunk is totall y lubricated in order to reduce friction ~or takeoff
ground rol l . For recovery, an arrestment system is used to stop the
vehicle. The use of friction brake pads with cushion venting were
cons i dered. However, this concept was discarded becduse its

H effectiveness is limi ted with a totall y lubricated trunk. The stopping
distance for this confi gurat i on on a wet runway was estimated to be 5000
feet.

The Rockwell IACS installation is shown in Drawing L0—DJ86-232 (Fi gure

120). Like the Rockwell ACRS confi guration , the deployed trunk is
supported by doors which extend and provide a wide surface for the
trunk . The doors deploy when pneumatic locks are actuated , the extension
cel ls are inflated , and the cables on the electric powered , motor/reel
assemblies unwind. The actuators and ex tens i on ce ll s use compresse d a i r
from the 2000 psia pneumatic accumulator. A pressure of approximatel y 15
psi g is needed in the ex tens i on cells. Af ter the doors extend, the
elastic trunk is deployed.

When deflated , the elastic trunk clings tightly to its prepacked stowage
module. The module is attached to the doors and fuselage with a piano
hinge along the sides and quick-release fasteners around the ends.

A shaft—driven two-stage axial fan is used for trunk inflation. The fan

is powered from the accessory drive pad via a clutch plus hi gh speed
drive train shafting.

The camera installations are moved forward into the former nose wheel
well. This relocat i on provides space for the fan installation and helps
to keep the vehicle correctly balanced after the original landing gear
and fairings are removed.
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Two ports exist in the fuselage , which are covered by the doors when they
are up and locked. One port is used to provide clearan ce for the door
mounted relief valve when the door is closed . The second larger port is
the air inlet for the trunk fan .

When the air vehicl e comes to a stop after landing and the eng ine is
turned off, the trunk will collapse and the air vehicle will settle onto

the deoloyed doors. Doll y wheels with pneumatic jacking actuators are
then attached to hard points on the vehicle forward and aft of the trunk
doors. F i gure 118 shows details of the doll y wheels. Th€ air vehicle is
lifted off the ground and a jeep is used to tow it off the recovery field
to an adjacent site where it is prepared f or takeoff.

For takeoff the air vehicle is towed to the takeoff field on the doll y
wheels. The ARPV eng ine is started , the trunk is inflated , and the doii y
wheels are removed. For directional control during ground roll , the
vehicle uses a vector thrust control system until it reaches a speed of

50 knots. Fi gure 121 show details of a vector thrust control system from
Reference 10. At speeds greater than 50 knots the fli ght control
surfaces can effectively guide the vehicle.

After rotation and initial climb , the fan is shut off and the trunk
deflates to its ori ginal position , clinging ti ghtly to the trunk doors.
The extension cells deflate and the motor/reel assembl y winds in the
cdDles attached to the trunk door until the door lock mechanism is
1 etched.

A large fan is required to satisfy the large air flow requirements for
l iorication during takeoff ground roll. The power available to drive the
f3n is marg inal . The fan size is indicated on Fi gure 120. h owever , a
component of this size would have great impact on the structure in the

area of its installat i on. Note the structure has not been resized to
accommodate the fan.
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Table 25 shows the aircraft installed equipment list , which details the
modifications made to the Rockwell baseline to obtain the IACS

confi guration . Table 26 shows the results of the wei ght anal ysis for the
modifications. This IACS confi guration wei ghs 115 pounds more than the
baseline.

As w ith the ACRS conf i guration , the removal of the l anding ge~~ ~nd its
fairings reduced the drag by 1.1%. The runway dimensions required fu~
the recovery of the Rockwell IACS air vehicle are 200 feet by 100 feet.
The dimensions required for launch are 2200 feet by 150 feet.
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TABLE 25

AIRCRAFT INSTALLED EQUIPMENT FOR ROCKWELL ARPV WITH IACS

Component Description Q,~~nti ty Ma terial Incremental Impact

Air Cushion Trunk 1 Polyurethane ! +

Dacron

Landing Gear and Fa i rings -

Shaft-Driven Fan + High Speed Dri ve
Train Shafting + Clu tch  1 S teel +

Re li ef Valve  1 Al +

Hinged Trunk Doors and Attachment
Fittings 2 Al +

A ir Cushion Trunk Storage Module
with Fasteners 1 Al +

Trunk Doo r Retraction System wi th
Cables , Elec tri c Motors and Ree l s 2 4-

Low Pressure Ducting wi th Fittings 2 Al +

~r~~nk Door Extension Cells 2 Rubber +

Engine Modification
Valving for Vector Thrust Control
Sy ~tem +



TABLE 26

ROCKWELL IACS WEI GHT ANALYSIS

Component ~ Weight (lbs)

Removal of:
Conventi onal Landing Gear -186

Landing Gear Fairings - 20
Landing Gear Hard Structure - 42

Addition of:
Air Cushion Trunk +131

Trunk Doors & Fasteners + Inflation System +232

Overall ~ Weight +115
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SECTI ON IV
PERFORMANCE/COST ANALYSIS

A performance and cost anal ysis was made for each of the prelimin ary
des ign conf i gurations using results of the dynamic analysis and desi gn
studies as well as other advantages and disadvantages identified for each
confi gurat ion. T he cos t and performance fac tors were evalu ated w ith
res pect to the basel i ne Rockwe l l ARPV. A rev i ew of the basel i ne system
was included so that the delta cost and performance factors were based on
comon assum pti on.

The following factors were included in this study but onl y to the extent
that they effect or are affected by the launch/recovery systems.

o Comp lex i ty
o Fuel requirements

o Adverse weather capability
o Ground equipment and facilities

o Survivability/vulnerability levels

o Reliability and maintainability
o System acquisition and life cycle costs

1. ANALYSIS

a. Con~1exity

The approach followe d in evaluating the comp lex ity of eac h
launc h/recovery system was to develop increments from the Rockwell
basel i ne system. The basel i ne system with l anding gear was assigned a
complexity factor of 1.0.

The fol l owing factors were evaluated with respect to each l aunch/recovery
system:

o aircraft installed equipment
o ground site equipment
o extent-of-development effort

o recovery control system, e.g., autoland system

The overall system complexity factor is the product of the four factors.
The basis of the aircraft installed equipment complexity factor is the

210



number of installed components (line replaceable units , LRU) for the
launch/recovery system.

The other three comp lexity factors developed are more subjective. The
ground site equipment complexity factor -is based on the number and types
of ground equipment required. The extent of development complexity
factor is a function of the magnitude of potential problems foreseen in
implementing the system. The number of unproven techniques and
components to be used in the system affects this factor. The recovery
control system complexity factor is based on the sophisticat i on of
autoland system required. This is largely a function of whether the
vehicle is stopped by an arrestment system or suction braking. The
autoland guidance system must be more precise for launch/recovery systems
using arrestment in order to ensure hook engagement.

Table 27 shows the s~esults of the complexity analysis. The Boeing ACRS

configuration was determined to be the least comp lex launch/recovery
system.

The l anding gear of the Rockwell ’ baseline system was examined and found
to have 13 LRU. This value was assigned an aircraft installed equipment
complexity factor of 1.0, and the fi ve ACLS conf ig urati ons were compared
to it. The air cushion landing systems for the Rockwell confi gurations
(Rockwell ACRS and Rockwell IACS ) were found to have 15 and 17 LRU ,
respectively.

The air cushion l anding systems for the Boeing configurations (Boeing

ABSS with cool gas generator , Boeing ABSS with bleed air , and Boeing
ACRS) were foun d to have 11, 11, and 9 LRU, respect i vel y. Aircraft
installed equipment complexity factors were assigned on the basis of
number of LRU and are shown in Ta b le 27.

The ground site equipment for launch/recovery of the Rockwell baseline

vehicle was found to consist of tow vehicles for transportation to the
launch site and from the recovery area , a nosewheel trough for launch ,
and arresting gear for recovery. This system was given a ground site
equipment complexity factor of 1.0.
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The Rockwell ACRS launch/ recovery system requires tow vehicles and dolly
wheels for transportation to the launch site and from the recovery site ,
and an ai r cus hi on launch p latform (ACLP) for takeoff. T he ACLP i nc l udes
a water tw ister and cable arrangement to stop the platform. A ground
site equipment complexity factor of 1.3 was assi gned to this system,
largely due to the unproven ACLP . The Rockwell IACS launc h/recovery
system i s s imil ar to the Roc kwell basel i ne. It requi res tow vehi cles and
dolly wheels for transportat i on to the launch site and from the recovery
area , and arresting gear for recovery. This system was awarded a ground
site equipment complexity factor of 1.0, because of its similarity to the
baseline .

The ground site equipment requirements for launch/recovery of the Boeing
ABSS with cool gas generator and Boeing ABSS with bleed air
confi gurations are identical. A tow vehi cle is required to transport the
ARPV to the launch site , and a tow vehicle plus dolly wheels are needed
to move the vehicle from the recovery area. Addition all y, a RATO an d
l auncher are required for launch , and arresting gear is needed for
recover y. Thi s system was ass i gned a ground site equipment complexity
factor of 1.05, the i ncremental i ncrease due to the RATO and launc her.
The Boeing ACRS l aunch/recovery system requires a tow vehicle to
transport the ARPV to the launch site and a tow vehicle plus dolly wheels
is needed to transport the vehicle from the recovery area. A RATO and
l auncher are used for launch. This system was assigned a complexity
factor of 0.95. Its basic difference from the baseline is the addition
of a RATO and launcher and the deletion of nosewheel trough and arresting
gear.

The Rockwell baseline vehicle has an extent of development complexity
factor of 1.0. The l anding gear on the Rockwell ARPV consists of
stan dar d gear componen ts , like wheels , tires , and struts , whose des ig n
and production are well-known . The development complexity factor for the
ACLS confi gurations will be hi gher in each case, due to structural design
and product~on details to be resolved.
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The Rockwell ACRS conf igurat i on requi res the develo pment of an ACLP , and
a satisfactory trunk door/extension cell arrangement. The extent of
development complexity factor assi gned is 1.5. The Rockwell IACS
confi gurat i on requires the development of a trunk door/extension
cell/motor-ree l retraction scheme to both retract and open the trunk
doors. The comp lexity factor for this development is 1.3.

The Boe i ng ABSS w ith cool gas generator and Boe ing ABSS with bleed air
confi gurations are similar. The development problems associated with
these conf i guration s are determining the optimum air bag module
attachment schemes. The comp lex ity fac tor for the develo pment of these
systems is 1.1. The major Boeing ACRS con fi gura ti on develo pmen t prob l ems
are in determining the optimum trunk module , but because the trunk modu le
has more comp lex attachment requirements than the Boe i ng ABSS
conf i gurations the assigned complexity factor is 1.15.

The recover y contro l system of the Rockwell b ase l ine ARPV must be
sufficientl y precise to ensure arrestor hook engagement. The autoland

guidance system for this precision was assigned a complexity factor of
1.0. The recovery control systems of the Rockwell IACS, Boeing ABSS with
coo l gas genera tor , and Boeing ABSS with bleed air configurations also
use an arrestment system for recovery. So the recovery control system
complexity factor for these configurations is the sam e as the Rockwell
baseline , i.e., 1.0. The Rockwell ACRS and Boeing ACRS configurat ions
use suction braking and sliding friction to stop the vehicle. The
autol and guidance systa~i need not be as precise as the baseline because
the ARPV i s not requi red to touchdown at a particular location. The
recovery control system comp lex ity factor for these configurations is 0.9.

b . Fuel Requi rements
The system descriptions developed in preliminary design yielded

incremental fuel requirements for each launch/recovery system. The
incremental fuel requirements were based on the fuel required for air
cus hi on power and delta veh i cle we i ght and volume (drag). The Breguet
equation (shown below) was used to convert the incremental fuel
requirements to delta mission range.
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The Roc kwell and Boe i ng ARPVs were des i gned for different missions , so
the output of the analysis (delta mission range) for the Rockwell
configuration s must be related to the Rockwel l baseline , and the Boeing
configurations must be compared to the Boeing baseline vehicle.

The resu lts of the fuel requirements anal ysis found the fuel for air
cush ion power to have negli gible impact on the delta mission range. This
i s lar gel y because the air cushion system is used for- onl y a small
port i on of the total mission time. The factors which did impact the
mission range were the delta vehicle weight and volume. The Breguet
equation (shown above) was used to measure the impact. The results of
the analysis are shown in Table 28.

The vehicle volumes of the Rockwell configurations (Rockwell ACRS and

Rockwell IACS) are reduced from the baseline. The landing gear fairings
were removed and the wetted area of the veh icle was reduced by 5.9 square
feet. This modification reduced the vehicle drag and therefore increased
the range. The wetted area of the basel i ne vehicle is 528.8 square

feet. The Rockwell confi gurat i ons also had a change of wei ght from the
baseline. The Rockwell ACRS design weighs 31 pounds less than the
basel ine. The del ta we i ght is due to the deletion of the tricycle
landing gear and falrings , but is somewhat offset by the addition of
trunk doors, trunk module , ejectors , ducting, and valves. The overall
impac t of the reduced weight and volume (i.e., drag) on delta range is an
increase In mission range of 1.72%. The Rockwell IACS confi guration
weighs 115 pounds more than the baseline . The additional weight in the
Roc kwel l IACS des ign over the Roc kwell ACRS i s due to the sl ightl y larger
trunk and trunk doors, the addition of an arresting hook , and , to a lar ge
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Table 28

RESULTS OF FUEL REQUIREMENTS ANALYSIS

Configuration Weight (ibs) Drag (ft of wetted area Range (%)

Rockwell Basel ine - - -
R—ACRS — 31 -5.9 +1.72
R-IACS +115 -5.9 -0.94

Boe ing Basel i ne - -

B-ABSS with

cool gas
generatOr +41 - -1.84

B-ABS~ with

bleed air +32 - -1.34

B-ACRS +15 - —0.67

extent, to the huge shaft-driven fan needed to provide air flow requirements
for takeoff . The overall impact of an increase in weight and decrease in drag
on delta mission range is a decrease in range of 0.94%.

The Boe ing conf iguration s (Boeing ABSS w ith cool gas generato r, Boeing ABSS
with bleed air , and Boeing ACRS ) did not have a change in veh icle volume from
the Boeing baseline , so there was no impact on range due to drag. The
significant change from the baseline was in vehicle weight. The Boeing ABSS
with cool gas generator weighs 41 pounds more than the Boeing baseline. The

~rnpac t of the increased weight is a decrease in range of 1.84%. The Boeing
ABSS con fi guration with bleed air wei ghs 32 pounds more than the baseline.
The impac t of the increased weight is a reduction in mission range of 1.34%.
The Boeing ACRS design wei ghts 16 pounds more than the baseline. The
increased weight results in a decrease in mission range of 0.67%. The
additional weigh t fc’r the Boeing confi gurat ions is due to larger air bag/trunk
modules , ejectors for flow augmentation , ducting, and valving.
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c. Adverse Weather Capability

The two major considerations in evaluating the adverse weather
capability of the Rockwel l baseline ARPV equipped with conventional tricycle
landin g gear, against the capability of the ACLS configuration are runway
surf ace strength requi rements and crossw ind performance.

The Rockwell baseline vehicle is limited by surface conditions for both launch
and recovery. For launch , the ARPV requires a ground roll distance of 2200
feet. Sufficient quantities of snow, mud , or water on the runway can foul the
nose gear guide trough and prevent launch. For recovery, the ARPV i s arres ted
in a distance of 200 feet. For this case also , excess i ve mo i sture can
restrict the use of the runway surface.

Perhaps the most si gnificant advantage of air cushion l anding systems over
conventional landing gear is their performance on low strength , unimproved
surfaces. ACLS have demonstrated the capability for operation on snow, mud ,
and water so that runway surface conditions are not a limiting factor.
Therefore , the ACLS con fi guration s are superior to the baseline system.

The baseline vehicle is not disturbed appreciabl y by crosswi nds while on the
ground . During launch , a nosewheel trough provides directional
stability until the vehicle reaches a speed of 50 knots and then the fli ght
control surfaces can prov id e di rec ti onal gu idance. During l anding impact and
slideout , the arresting gear provide control. However, crosswinds do affect
the basel ine ARPV dur i ng l anding approach. A crosswind approach may require
the vehicle with conventional l anding gear to perform a decrabbing maneuver at
touchdown .

The ACLS confi gurations are more susceptible to the effects of crosswinds
while on the ground than the baseline , because the air cushion will not
produce a side force like that of a rolling tire . However , this is beneficial
when landing in crosswinds at high crab ang les. A discussion of the effect of
wind on the various ACLS confi gura ti ons follows .
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The Roc kwell ACRS conf i gurat i on uses an air cus hi on launc h p la tform (ACLP ) for
launch. The ACLP developed uses a cable for directional guidance and also to
arrest the platform. The cable provides excellent control in crosswinds. For
recovery, the vehicle uses suction braking and ground slideout to stop. The
vehicle speed at touchdown is 80 knots. During slideout at speeds greater
than 50 knots , the flight control surfaces can maintain directional control .
This coupled with residual engine thrust counteracts the effects of
crosswind . The forward one—third of the trunk is lubricated to assist in this
control scheme. However, when the ARPV slows to a speed of less than 50
knots , the fli ght control surfaces become i neffective and a crosswind may
force it off course. Thus , a w id er runwa y is required.

The Rockwell IACS configuration takes off in a conventional manner requiring a
ground roll like the basel ine vehi cle. Instead of a nosew heel trough for
l ow—speed guidance , the Rockwell IACS has a thrust vector control system to
control its heading. The thrust vector system utilizes the Coanda effect.
This type of system was proposed for use on the Jindivik ACLS aircraft ,
Reference 10. At ground roll speeds greater than 50 knots , the fli ght control
surfaces are effective. For recovery, the ARPV uses an arres tment system
which provides sufficient control in crosswind.

The Boeing ABSS launch/recovery systems ( both w ith coo l gas generator and with

bleed air) have good performance in crosswind. For l aunch , a RATO and zero
length l auncher are used so crosswind has little effect on its performance.
For recovery, the ARPV uses an arrestment system wh ich provides sufficient
control in crosswind.

The Boeing ACRS launch system also uses a RATO and l auncher. The recovery
system uses sucti on brak ing and ground slideout. During slideout the vehicle
f light control surfaces and residual engine thrust can control its heading at
higher speeds to counteract crosswind effects. The forward one—third of the
trunk is lubricated for the purpose of assisting in directional control during
sl ideout.
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Vehicles with ACLS do not require a decrabbing maneuver at touchdown in a
crosswind. Following touchdow n , the vehicle remains in a crabbed attitude and
the engine idle thrust provides a counteracting force to that of the crosswind.

d. Ground Equipment and Facil i ty Requirements
The Rockwell baseline vehicle launch/recovery ground equipm ent

and faci l i ty requirements were examin ed , along with these requirements of the
five ACLS configurations. The requirements examined were launch/recovery site
dimens i ons , and type of ground equipment for launch , recovery, transport , and
maint enance.

The launch/recovery site dimension s for each configuration were determined in
the dynamic analysis. They are shown in Table 29.

The types of ground equipment for launch , recovery , transport , and maintenance

of ARPVs were determined. The steps required for the operat i ons mentioned for
each confi guration are listed in Tables 30 through 35 , for comparison.

e. Survivability/Vulnerabil ity

Survivabil ity/vulnerabil ity factors were evaluated for each
launch/recovery system. These factors included basic vehicle survival
parameters (threat avoidance and vulnerability ) plus related operational
parameters (combat damage repairability and launch/recovery site
vulnerability) .

The threat avoidance capability of the aircraft is based primaril y on two
factors: detectability, and performance and maneuver .

For the Rockwell configurations , the modifications made do not affect the
performance and maneuver factor determined for the baseline. However, the
detectability of the Rockwell ACLS vehicles is incrementall y reduced , because
the landing gear and its fairings were removed , which will reduce both the
presented area and the radar cross section area. Sufficient information was
not available to calculate a specific delta. Presented area and radar cross

section data were not presented in the Reference 2 report.
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TABLE 30

LAUNCH AND RECOVERY OPERATION SEQUENCE

Rockwel l Basel ine Vehicle

Launch : 1. In maintenance area , tow bar is a ttached to ARP V.
2. Tow ve~icle tows ARPV to launch site , where nosew heel

is placed in the launch trough.
3. Tow bar and tow vehicle are disconnected from ARPV.
4. ARPV taxis and takes off.
5. Tow vehi cle returns to ma intenance area .

Recovery : 1. On landing approach , the landing gear is deployed.
2. Arresting hook is deployed.
3. Arresting hook strikes arresting cable and ARPV rolls

to a stop.
4. Tow vehicle arri ves at ARPV and disconnects

arresting cable.
5. Arresting cable rewinds itself.
6. Tow bar is attached to ARPV.
7. Tow vehi c l e tows ARPV to ma i ntenance area .

Maintenance : 1 . Landing gear (ti res , brakes , oleo ) is inspected.
2. Arresting hook is latched into position.
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TABLE 3)

LA UNCH AND RECOVERY OPERATION SEQUENCE

R-ACRS (Rockwell Air Cushion Recovery System~

Launch : 1. In maintenance area , four pneumati c dolly wheels are
attached to ARPV.

2. Tow vehicle tows ARPV onto air cushion launch
platform (ACLP) .

3. ARPV is attached and supported at three points on ACLP .
4. Dol ly wheels and tow ve hi cle are di sconnec ted from ARPV .
5. ACLP fan is started and inflates the air cushion trunk.
6. ACLP cable guide is attached to cable.
7. ARPV engine is started and propels the ACLP along the

cable until takeoff velocity is achieved.
8. ARPV is rotated and released from ACLP .
1. ACLP reaches the end of the cable and water twister

brings it to a stop.
10. Tow vehicle arri ves at ACLP and disconnects arresting

cable.
11. Arresting cable rewinds itself.
12. Tow vehicle tows ACLP back to launch origin.
13. ACIP fan is stopped and ACLP settles to the ground.
14. Tow vehicle with doll y wheels returns to maintenance area .

Recovery: 1. On landing approach , engine bleed air is turned on , and
air supply system inflates and deploys air cushion trunk.

2. Trunk strikes the ground and slides out, until it is
stopped by friction and suction braking .

3. Tow vehicle arrives at ARPV and attaches four pneumatic
doll y wheels .

4. Tow vehi cle tows ARPV to ma i ntenance area .

Maintenance: 1 . Air cushion trunk module is removed and replaced with a
repacked module.

2. Module removed is inspected and repacked.
3. Compressed gas bottles on the eight dolly wheels are

replaced .
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TABLE 32

LAUNCH AND RECOVERY OPERATION SEQUENCE

R-IACS (Rockwell Integra ted A ir Cusnio n System)

Launch : 1. In maintenanc e area , four pneumatic dolly wheels are
attached to ARPV.

2. Tow vehicle tows ARPV to launch site.
3. Dol ly wheels are disconnected from ARPV.
4. ARPV ending is started and engine bleed air (via air

supply system) inflates the elastic air cushion trunk.
5. ARPV taxis and takes off.
6. Tow vehicle wi th dolly wheels returns to maintenan ce

area .

Recovery : On landing approach , engine bleed air is turned on
and air supply system inflates and deploys elastic
air cushion trunk.

2. Arresting hook is deployed.
3. Arresting hook strikes arresting cable and ARPV

slides to a stop .
4- Tow, vehicle arrives at ARPV and disconnects arresting

cable.
5. Arresting cable rewinds itself.
6. Four pneumatic dolly wheels are attached to ARPV.
7. Tow vehicle tows ARPV to maint enance area .

Maintenance: 1. Air cushion is inspected.
2. -irresting hook is latched into position.
3. Compressed gas bottles on the eig ht dolly wheels are

replaced .
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TABLE 33

LAUNCH AND RECOVERY OPERATION SEQUENCE

Boeing Air Bag Skid System With Cool Gas Generator

Launch: 1. In maintenance area , dolly wheels are attached to ARPV.
2. RATO is installed to ARPV.
3. Tow bar is attached.
4. Tow vehicle tows ARPV to launch site and onto launcher.
5. Tow bar and dolly wheels are disconnected.
6. ARPV is launched.
7. Tow veh icle returns to ma intenanc e a rea .

Recovery: 1. On landing approach , coo l gas generator is initia ted ,
and air supply system inflates and deploys the air
bag skids .

2. Arresting hook is deployed.
3. Arresting hook stri kes arresting cable and ARPV slides

to a stop.
4. Tow veh i cle arr i ves a t ARPV and di sconnec ts arres ti ng

cable.
5. Arresting cable rewinds itself.
6. Four pneumatic dolly wheels are attached to ARPV.
7. Tow vehi cle tows ARPV to mai ntenance area .

Maintenance : 1. Air baq skid module is removed and replaced with a
repacked module.

2. Module removed is inspected and repacked.
3~ Cool gas genera tor i s rep lace d-
4. Arresting hook is latched into position .
5. Compressed gas bottles on the four doll y wheels are

replaced.
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TABLE 34

LAUNCH AND RECOVERY OPERATION SEQUENCE

Boeing Air Bag Skid System With Bleed Air

Launc h: 1. In ma intenance area , dolly wheels are attached to
the veh icle to ARPV.

2. R.ATO is installed to ARPV.
3. Tow bar is attached.
4. Tow vehi cle tows ARP V to launch site and onto launcher .
5. Tow bar and dolly wheels are di sconnec ted .
6. ARPV i s launche d .
7. Tow veh icle returns to ma intenance area .

Recovery: 1. On landing approach , engine bleed air is initiated ,
and air supply system inflates and deploys the air
bag skids .

~ Arresting hook is deployed.
3. Arresting hook stri kes arresting cable and ARPV slides

to a stop.
4. Tow vehicle arrives at ARPV and disconnects arresting

cable.
5. Arresting cable rewinds i tself.
6. Four pneumatic dolly wheels are attached to ARPV.
7. Tow ve hi cle tows ARP V to ma intenance area .

Maintenance : 1. Air bag skid module is removed and replaced with a
repacke d module .

2. Module removed i s i nspec ted and repacke d .
3. Arresting hook is latched into position .
4. Compressed gas bottl es on the four dolly wheels are

rep lace d.
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TABLE 35

LAUN CH AND RECOVERY OPERATION SEQUENCE

B-ACRS (Boeing Air Cushion Recovery ~ystemI

Launch : 1. In maintenance area, dolly wheels are attac hed to ARPV .
2. RATO is attached to ARPV.
3. Tow bar is attached to ARPV.
4. Tow vehicle tows ARPV to launch site and onto launcher .
5. Tow bar and tow vehi cle are di sconnec ted.
6. ARPV i s launc hed.
7. Tow veh i cle returns to ma intenance area .

Recovery : 1. On landing approach , engine bleed air is turned on ,
and air supply system inflates and deploys air cushion
trunk.

2. Trunk strikes the ground and slides out, until it is
stopped by friction and suction braking.

3. Tow vehicle arri ves at ARPV and attached four pneumatic
dolly wheels.

4. Tow vehicle tows ARPV to maintenance area .

Maintenance : 1. Air cushion trunk module is removed and replaced with
a repacked module.

2. Module removed is inspected and repacked.
3. Compresse d gas bottles on the four dolly wheels are

replaced.
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For the Boe i ng ACLS des i gns , the modifications made do not impact the threat
avo idance factor, and so it is unchanged from the baselin e.
The major vu l nerability consideration was the investigat i on of the shielding
provided by the air cushion landing system. Specifically, to investi gate
whether the air bag or trunk modules attached to the underside of the vehicle
would provide protection from potential threats. Also to determine whether
judicious location of components would provide shielding of critical air
vehicle components. The results of the investi gat i on reveale d that the ACLS
trunk module does not offer significant resistance against the 12.7 cnn API
(armor piercing incendiary) or 23 mm HEI (hi gh explosive incendiary)
projectiles. Functional requirements and the limited space available on the
ARPVs created little choice f or location of ACLS components. Therefore, the
judicious location of components for shielding of critical components was not
a significant factor.

The combat damage repairability operational parameter was assessed. The
l anding gear of the Rockwell baseline ARPV was determined to require more
repair if damaged than the air cushion launch/recovery systems. The ACLS
components are less comp l ex and more readily replaceable than the components
of a landing gear system.

The vulner ability of the ARPV launch/recovery site is directl y proportional to
the site area. The launch/recovery systems were evaluated using a comparison
parameter of square feet of prepared real estate. These areas are shown in
Table 29.

f. Reliability and Maintainability

The reliability and maintaina bility studies performed on the
Rockwell and Boeing basel i ne systems in the original contract studies
evaluated reliability in terms of mean cycles between failure (MCBF) and mean
time between failure (MTBF), and maintainability i n terms of ma i ntenance
manhours per flight hour (MMH/FH). The results of the R&M studies were used
to determi ne the operating and support costs of the basel ine systems.

A reliability and maintainability evaluat i on was performed for each
launch/recovery system developed in the preliminary design work. The impact
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of each configuration on the rel i ability, maintainability, and operating and
support costs of the baseline systems was assessed. The results of the
evaluat ions are shown in Table 36.

The Rockwell air cushion recovery system (Rockwell ACRS) which uses an air
cushion launch platform (ACLP) for takeoff was examined. The delet ion of the
retractable landing gear and arresting hook, and replacing them with a bleed
air inflated air cushion trunk for landing improves the reliability and

maintainability of the ARPV. However, the additi on of the air cush i on launch
p latform (ACLP) , ground cab le and water tw i ster w ill add ma intenance and
reduce total system reliability.

The deletion of the l anding gear from the Rockwell ARPV with IACS has a
positive imp act on airframe MTBF which is somewhat offset by the addition of
the air cushion trunk and the trunk inflation system. The addition of the
dolly wheeT system will have a sli ght negative impact on reliability. The
maintainability will be degraded by the air cushion trunk and its extension
cells which have to be refurbished after each fli ght and the replacement of
dolly wheel gas bottles.

The reliability and maintainability of the Boeing air bag skid system with
coo l gas generator was assessed relative to the Boeing baseline vehicle . The
larger air bag skids should provide greater stability and support of the ARPV
during landing impact and sl ideout, resul ting in a small increase in
rel iability and a corresponding decrease in maintenance requirements for
ai rframe repair.

The deletion of the coo l gas generator and the use of engi ne b leed air for air
bag skid i nflation combined with the use of the larger air bag skids produces
an increase in reliability and a significant improvement effect on
maintainability due to reduced airframe maintenance through use of the larger
skids and elimination of the cool gas generators replacement task after each
landing. The elimination of consumption of cool gas generators will reduce
spares cost and maintenance time.
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The reliability and maintainabilit y of the Boeing air cushion recovery system
(Boe i ng ACRS ) was exam i ned relat ive to the Boe ing basel i ne ve hi cle. The
incorporation of the air cushion trunk in lieu of air bag skids increases the
surface exposed to damage during ground slideout and will increase trunk

damage even with heavier treads. This was weighed against the savings
associated with de l eting the arresting system.

g. System Acquisition and Life Cycle Costs
The acquisition costs were determined from component sizes,

wei ghts , and number~ and ground equipment and facilities from the prelimi nary
desi gn work . Developmc~nt costs were estimated using complexity factors.

Current life cycle cost (~..CC) estimates for the basel i ne Rockwell and Boeing
ARPVs were made to estabi~ sh po i nts of departure for calculat ing the LCC
impac t of trades made in this study. Each was separately estimated. Site
preparation was included under support investment and site upkeep was included

in operations and support.

The baseline LCC estimates reflect the particular design features and support
requirements of the two baseline systems. Development , production , and

support investment costs were estimated using standard techniques based on

Boeing cost history, vendor quotes , and i dentificat i on of analogous systems
and their costs. Operations and support costs were estimated using the Air
Force CACE Model from AFR 173—10. In the case of the Boeing ARPV the LCC
consisted mainly of updating the prior LCC estimate. The primary objective in
es timati ng the Rockwell ARPV LCC was to make the estimat ing cr iter i a
compara b le to the Boe ing ARPV LCC estimate.

The results of the LCC anal ysis is shown in Table 37. All costs are in FY
1977 dollars .
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SECTION V
CONCLUSIONS

1. A ir bag skid or air cushion recovery systems can be adapted to
mul timission type remotely piloted vehicles such as the Boeing and
Rockwell ARPV concepts. The vehicles remain stable in fli ght with
deploynent of the recovery system, although a stab ility augmentation
system may be required.

2. Air bag skid and air cushion recovery systems on these vehicles
i nduce hi gh incremental loads at touchdown. These loads are due to
the hi gh approach speed and the high pitch rate induced by the
recovery system trunk with touchdown at hi gh angles of attack. These
high loads impose severe wing structure wei ght penalty on aircraft
such as the Rockwell ARPV where stores are carried on the wing.
Conversely, vehi cles suc h as the Boe i ng ARPV w ith short , small w ings
can tolerate landi ng l oad factors to 8 or lOg with little penalty to
the structure so impac t load is not a detrimental constraint.

3. The induced loads at touchdown appear to be hi gher w ith a one trunk
i ntegrated air cushion system than with an air cushion recovery
system because the trunk for the former is sized for takeoff gross
wei ght of the air vehicle. The extent of the difference could not be
verified. Because of l imitations of the EASY model , the integrated
air cushion system was not optimi zed during the dynamic analysis.

4. An RPV with an air bag skid recovery system requires arrestment by
hook and cable for stability during slideout. Arrestment tends to
increase the peak touchdown loads. However, the vehicle remains
stable in the first few seconds after touchdown so arrestor
engagement can be delayed until after touchdown.

5. An air cushion recovery system with suction braking is the simplest
and lowest cost recovery approach for these RPVs. The overall cost
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of the arrestor system required for the air bag skid system is
greater than the additional cost of the more complex air cushion
system plus the cost of the additional runway required for recovery.
However , if available site space is a critical factor, the air bag
skid system with arrestment is superior.

6. Stopping capability of an integrated air cushion system on a wet
runway is poor. Resultan t runway length requi rements are excess i ve
for vehi cles w ith approach speeds above 100 knots. Therefore,
arrestment is required with this system.

7. The power ava i lab le from the RPV engi ne is marginal in meeti ng the
air flow requirements for an integrated air cushion system. The
requi rements are met w ith the Rockwel l vehi cle by us ing the limi ted
durat i on, overload power extraction capability of the engine
accessory drive.

8. An air vehicle such as the Rockwel l ARPV that was desi gned with
conventional landing gear, does not lend itself well to adapting an
air cushion system. A weight and volume penalty is incurred when
f itt ing a trunk to a narrow , rounded fuselage.

9. RATO/ launcher appears to be a least complex , low cost method of
l aunc h. However , results of the air cushion launch platform study
were not conclusive so it too may be a favorable means of launch. A
simple , lightweight platform appears to be the best approach.

10. Air cushion or air bag skid systems offered little change in air
vehicle survivability/vuln erability from that of conventional landing
gear. However, oversizing of the gas supp ly system to overcome some
trunk leakage is required.

11. Difference in fuel requirements between the air vehicles with air
cushion or air bag skid systems and the conventional landing gear
conf i guration are reflected in the differences in vehicle wei ght.
The wei ght differences, in this case, are m isleading because of the
penalty incurred in installing the systems on a non—optimized vehicle.
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12. Adverse weather capability differences between conventional landing
gear and air cushion or air bag skid systems are largely related to
runway surface conditions. A vehicle with conventional landing gear

is more limi ted by surface water, mud , slus h, ice and snow. A

requirement for decrabbing in crosswind landings may also be a

restr iction w i th convent i onal gear .

13. Tow vehicles for movement of vehicles on the ground appears to be the
s imp lest , most reliable method. Therefore , ground equipment

differences were l argely between those systems requiring arrestment
and those relying on ground friction . Overall facility costs were

lower for vehicles with an effective suction braking system than for

those with arrestment. The vehicle with landing gear al so requires a
prepared surface or l anding mats.
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SECTION V I
RECOMMENDATIONS

1. The hi gh speed aspects of recovery of RPVs with an air cushion system
requires further investi gation. Integration of the air cushion
system with the air vehi cle design is required to determine overall
system performance.

2. The relationship between lubrication flow and sliding friction should
be better defined , based on exper iment. A

3. Further development of the program EASY elastic trunk mode l is
necessary to make it an effecti ve prel iminary des i gn tool .

4. Expansion of the air bag skid program EASY model should be done to
include the capabil ity for anal ysis of trunk shapes other than
circu l ar cross section .

5. The results of thi s study show that RPV recover y i s a feas ib le
application for air cushion technology. This study, however , was
directed at integrat ion of the recovery system into an existing
airframe design. This approach leads to a non optimized system.
Also , a wide variety of configurat ions were investi gated so that
sufficient depth of analysis was not made on any one concept.
Therefore , it is recomended that a thorough study be made of an air
cushion system integrated into a mission optimized air vehicle. This

study should include dynamic simulation and performance analysis.
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